5.0 Contaminant Geochemistry and K4 Values

The important geochemica factors affecting the sorption® of cadmium (Cd), cesium (Cs), chromium
(Cr), lead (Pb), plutonium (Pu), radon (Rn), strontium (), thorium (Th), tritium (3H), and uranium (U)
are discussed in this chapter. The objectives of this chapter areto: (1) provide a*“thumb-nail sketch”

of the key geochemica processes affecting sorption of these contaminants, (2) provide referencesto
key experimenta and review articlesfor further reading, (3) identify the important agqueous- and solid-
phase parameters controlling contaminant sorption in the subsurface environment, and (4) identify, when
possible, minimum and maximum consarvative Ky values for each contaminant as afunction key
geochemica processes affecting their sorption.

5.1 General

Important chemica speciation, (co)precipitation/dissol ution, and adsorption/desorption processes of
each contaminant are discussed. Emphasis of these discussonsis directed at describing the generd
geochemigtry that occursin oxic environments containing low concentrations of organic carbon located
far from apoint source (i.e., in the far field). These environmental conditions comprise alarge portion
of the contaminated sites of concern to the EPA, DOE, and/or NRC. We found it necessary to focus
on the far-field, as opposed to near-field, geochemical processesfor 2 main reasons. Fird, the near
fidd frequently contains very high concentrations of sdts, acids, bases, and/or contaminants which often
require unusua chemica or geochemical consderations that are quite different from those in the far
fidd. Secondly, the differences in chemistry among various near-fidld environments varies greetly,
further compromising the value of a generaized discusson. Some quditative discussion of the effect of
high sdt conditions and anoxic conditions are presented for contaminants whose sorption behavior is
profoundly affected by these conditions.

The didribution of agqueous species for each contaminant was caculated for an oxidizing environment
containing the water composition listed in Table 5.1 and the chemical equilibria code MINTEQAZ2
(Verson 3.10, Allison et al., 1991). The water composition in Table 5.1 isbased on a“mean
composition of river water of the world” estimated by Hem (1985). We use this chemica composition
amply as aconvenience as a proxy for the composition of a shallow groundweter. Obvioudy, there are
sgnificant differences between surface waters and groundwaters, and considerable variability in the
concentrations of various condtituents in surface and groundwaters. For example, the concentrations of

1 When acontaminant is associated with a solid phasg, it is commonly not known if the contaminant
is adsorbed onto the surface of the solid, absorbed into the structure of the solid, precipitated as a
3-dimensiona molecular coating on the surface of the solid, or absorbed into organic meatter.

“Sorption” will be used in this report as a generic term devoid of mechanism to describe the partitioning
of agueous phase condtituents to a solid phase. Sorption is frequently quantified by the partition (or
digtribution) coefficient, K.
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dissolved gases and complexing ligands, such as carbonate, may be lessin agroundwater as aresult of
infiltration of surface water through the soil column. Additionaly, the redox potentid of groundweters,
especidly degp groundwaters, will likely be more reducing that surface water. As explained later in this
chapter, the adsorption and solubility of certain contaminants and radionuclides may be significantly
different under reducing groundwater conditions compared to oxidizing conditions. However, it was
necessary to limit the scope of this review to oxidizing conditions. Use of the water composition in
Table 5.1 does not invaidate the aqueous speciation caculations discussed later in this chapter relative
to the behavior of the selected contaminants in oxidizing and trangtiond groundwater systems. The
cdculations demongtrate what complexes might exist for a given contaminant in any oxidizing water asa
function of pH and the specified concentrations of each inorganic ligand. If the concentration of a
complexing ligand, such as phosphate, is lessfor a site-specific groundwater compared to that used for
our caculations, then agueous complexes containing that contaminant and ligand may be less important
for that water.

Importantly, water compaosition in Table 5.1 has alow ionic strength and contains no naturd (e.g.,
humic or fulvic acids') or anthropogenic (e.g., EDTA) organic materids. The species distributions of
thorium and uranium were dso modeed using pure water, free of any ligands other than hydroxyl ions,
to show the effects of hydrolysisin the absence of other complexation reactions. The concentrations
used for the dissolved contaminants in the species distribution caculations are presented in Table 5.2
and are further discussed in the following sections. The species distributions of cesum, radon, and
tritium were not determined because only 1 aqueous speciesislikdly to exist under the environmenta
conditions under consideration; namely, cesium would exist as Cs', radon as Rn°(gas), and tritium as
tritiated water, HTO (T = tritium, 3H).

Throughout this chapter, particular attention will be directed at identifying the important aqueous- and
solid-phase parameters controlling retardation? of contaminants by sorption in soil. Thisinformation
was used to guide the review and discussion of published K vaues according to the important
chemicd, physicad, and minerdogica characteristics or variables. Perhaps more importantly, the
variables had include parameters that were readily available to modders. For instance, particle sze and
pH are often available to model ers whereas such parameters as iron oxide or surface areaare not as
frequently available.

1 “Humic and fulvic acids are breskdown products of cellulose from vascular plants. Humic acids are
defined as the dkaine-soluble portion of the organic materid (humus) which precipitates from solution
a low pH and are generdly of high molecular weight. Fulvic acids are the dkaline-soluble portion
which remainsin solution at low pH and is of lower molecular weight” (Gascoyne, 1982).

2 Retarded or attenuated (i.e., nonconsarvative) transport means that the contaminant moves sower
than water through geologic material. Nonretarded or nonattenuated (i.e., conservative) transport
means that the contaminant moves a the same rate as water.
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Table5.1. Estimated mean composition of river
water of the world from Hem (1985).1

Total Concentration
Dissolved Constituent

mg/l mol/l
Silica, asH,30, 20.8 2.16 x 10*
Ca 15 3.7x 10*
Mg 4.1 1.7 x10*
Na 6.3 2.7 x 10*
K 2.3 59x10°
Inorganic Carbon, as CO, 57 9.5x 10*
SO, 11 1.1x 10
Cl 7.8 2.2x10*
F 1 5x 10°
NO; 1 2x 105
PO, 0.0767 | 8.08x 107

* Most values from this table were taken from Hem (1985: Table 3,
Column 3). Mean concentrations of total dissolved fluoride and
phosphate are not listed in Hem (1985, Table 3). The concentration of
dissolved fluoride was taken from Hem (1985, p. 120) who states that the
concentration of total dissolved fluoride is generally lessthan 1.0 mg/l for
most natural waters. Hem (1985, p. 128) lists 25 micro g/l for average
concentration of total dissolved phosphorousin river water estimated by
Meybeck (1982). This concentration of total phosphorus was converted
to total phosphate (PO,) listed above.
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Table5.2. Concentrations of contaminants used in the agueous

species didribution cdculations.

Element

Total Conc.
(microgll)

Reference for Concentration of Contaminant
Used in Aqueous Speciation Calculations

Cd

10

Hem (1985, p. 142) lists this value as a median concentration of dissolved cadmium
based on the reconnaissance study of Duram et al. (1971) of metal concentrationsin
surface waters in the United States.

Cs

Distribution of aqueous species was not modeled, because mobility of dissolved
cesium is not significantly affected by complexation (see Section 5.3).

Cr

14

Hem (1985, p. 138) lists this value as an average concentration estimated by Kharkar
et al. (1968) for chromium in river waters.

Pb

1.0

Hem (1985, p. 144) lists this value as an average concentration estimated by Duram
et al. (1971) for lead in surface-water samples from north- and southeastern sections
of the United States.

Pu

3.2x 107

This concentration is based on the maximum activity of 2%2*°Py measured by
Simpson et al. (1984) in 33 water samples taken from the highly alkaline Mono Lake
in Cdlifornia.

Rn

Aqueous speciation was not calculated, because radon migrates as a dissolved gas
and is not affected by complexation (see Section 5.7).

110

Hem (1985, p. 135) lists this value as the median concentration of strontium for larger
United States public water supplies based on analyses reported by Skougstad and
Horr (1963).

Th

1.0

Hem (1985, p. 150) gives 0.01 to 1 micro g/l as the range expected for thorium
concentrations in fresh waters.

*H

Aqueous speciation was not calculated, because tritium (°H) migrates as tritiated
water.

0.1 and
1,000

Because dissolved hexavalent uranium can exist as polynuclear hydroxyl complexes,
the hydrolysis of uranium under oxic conditions is therefore dependent on the
concentration of total dissolved uranium. To demonstrate this aspect of uranium
chemistry, 2 concentrations (0.1 and 1,000 micro g/l) of total dissolved uranium were
used to model the species distributions. Hem (1985, p. 148) gives 0.1 to 10 microg/|
as the range for dissolved uranium in most natural waters. For waters associated
with uranium ore deposits, Hem states that the uranium concentrations may be
greater than 1,000 microg/l.
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5.2 Cadmium Geochemistry and K, Values

5.2.1 Overview: Important Aqueous- and Solid-Phase Parameters
Controlling Retardation

The dominant cadmium agueous species in groundwater a pH vaues less than 8.2 and containing
moderate to low concentrations of sulfate (<10%° M SO%) is the uncomplexed Cd?* species. The
dominant cadmium solution speciesin groundwater at pH values greater than 8.2 are CdCO5; (ag) and
to asmaler extent CACI*. Both precipitation/copreci pitati on/dissol ution and adsorption/desorption
reactions control cadmium concentrations. Severa researchers report that otavite (CACOs) limits
cadmium solution concentrations in dkaine soils. The solid Cd,(PO,), has aso been reported to be a
solubility-controlling solid for dissolved cadmium. Under low redox conditions, sulfide concentrations
and the formation of CDs precipitates may play an important role in controlling the concentrations of
dissolved cadmium. At high concentrations of dissolved cadmium (>107 M Cd), either cation
exchange or (co)precipitation are likely to control dissolved cadmium concentrations. Precipitation with
carbonate isincreasangly important in sysemswith a pH greater than 8, and cation exchange is more
important in lower pH systems. At lower environmental concentrations of dissolved cadmium, surface
complexation with cacite and duminum- and iron-oxide minerals may be the primary process
influencing retardation. Trangtion metds (e.g., copper, lead, zinc) and dkdine earth (e.g., cddum,
magnesium) cations reduce cadmium adsorption by competition for available specific adsorption and
cation exchange sites. In conclusion, the key agueous- and solid-phase parameters influencing
cadmium adsorption include pH, cadmium concentration, competing cation concentrations, redox,
cation exchange capacity (CEC), and mineral oxide concentrations.

5.2.2 General Geochemistry

Cadmium (Cd) existsin the +2 oxidation state in nature. It forms a number of agueous complexes,
especidly with dissolved carbonate. Its concentration may be controlled by either adsorption or
precipitation/coprecipitation processes. The extent to which cadmium is associated with or bound to
soils varies greatly with type of minera, oxidation state of the system, and presence of competing
caionsin solution.

Cadmium concentrations in uncontaminated soilsistypicdly lessthan 1 mg/kg. However,
concentrations may be sgnificantly eevated by some human activities or by the weeathering of parent
materias with high cadmium concentretions, e.g., black shales (Jackson and Alloway, 1992).
Approximately 90 percent of al the cadmium consumed goes into 4 use categories. plating (35
percent), pigments (25 percent), plastic stabilizers (15 percent), and batteries (15 percent) (Nriagu,
1980b). Cadmium may aso be introduced into the environment by land gpplications of sawage dudge.
Cadmium concentrations in sawage dudge are commonly the limiting factor controlling land disposd
(Juste and Mench, 1992). Nriagu (1980a) has edited an excellent review on the geochemistry and
toxicity of cadmium.
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5.2.3 Agqueous Speciation

Cadmium forms soluble complexes with inorganic and organic ligands resulting in an increase of
cadmium mobility in soils (McLean and Bledsoe, 1992). The didtribution of cadmium agueous species
was caculated using the water compaosition described in Table 5.1 and a concentration of 1 micro g/l
total dissolved cadmium (Table 5.2). Hem (1985, p. 142) ligts this value as amedian concentration of
dissolved cadmium based on the reconnaissance study of Duram et al. (1971) of meta concentrations
in surface waters in the United States. These MINTEQA2 cdculations indicate that cadmium
specidion isrdaively smple. In groundwaters of pH vaues less than 6, essentidly dl of the dissolved
cadmium is expected to exist as the uncomplexed Cd?* ion (Figure 5.1). The agueous species included
inthe MINTEQAZ2 cdculations are listed in Table 5.3. Asthe pH increases between 6 and 8.2,
cadmium carbonate species [CAHCO}, and CdCOj, (aq)] become increasingly important. At pH
vaues between 8.2 and 10, essentidly al of the cadmium in solution is expected to exist as the neutra
complex CdCO; (aq). The species CdSO;, (ag), CAHCO?, CdCI, and CdOH" are also present, but
at much lower concentrations. The species digtribution illustrated in Figure 5.1 does not change if the
concentration of total dissolved cadmium isincreased from 1 to 1,000 micro g/l.

Table5.3. Cadmium aqueous species included
in the speciaion caculations.

Aqueous Species

Cd?
CdOH*, Cd(OH); (ag), Cd(OH)3, Cd(OH)Z, Cd,OH?*
CdHCO3, CACO; (aq), Cd(CO,)4
CdSO;, (aq), Cd(SO,)%
CdNO3
CdCI*, CdCl;, (ag), CdCl;, CAOHCI" (aq)

CdF*, CdF; (aq)
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Figure5.1. Cdculated digribution of cadmium aqueous species as a function of pH for the water
compostion in Table 5.1. [The species distribution is based on a concentration of
1 micro ¢/l tota dissolved cadmium and thermodynamic data supplied with the
MINTEQAZ2 geochemical code]

Information available in the literature regarding interactions between dissolved cadmium and naturaly
occurring organic ligands (humic and fulvic acids) is ambiguous. Weber and Posselt (1974) reported
that cadmium can form stable complexes with naturaly occurring organics, whereas Hem (1972) stated
that the amount of cadmium occurring in organic complexesis generdly smal and that these complexes
aerdativey wesk. Pittwdl (1974) reported that cadmium is complexed by organic carbon under dl
pH conditions encountered in norma natural waters. Levi-Minzi et al. (1976) found cadmium
adsorption in soils to be correlated with soil organic matter content. In acritica review of the literature,
Giesy (1980) concluded that the complexation constants of cadmium to naturally occurring organic
matter are weak because of competition for binding sites by calcium, which is generdly present in much
higher concentrations.
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5.2.4 Dissolution/Precipitation/Coprecipitation

Lindsay (1979) caculated the rdative stability of cadmium compounds. His caculations show thet at
pH vauesless than 7.5, most cadmium mineras are more soluble than cadmium concentrations found in
oxic soils (107 M), indicating that cadmium a these concentrations is not likely to precipitate. At pH
levels greater than 7.5, the solubilities of Cd;(PO,), or CdCO; may control the concentrations of
cadmium in soils. Cavallaro and McBride (1978) and McBride (1980) demonstrated that otavite,
CdCO;, precipitatesin cacareous soils (pH > 7.8), whereas in neutra or acidic soils, adsorption isthe
predominate process for remova of cadmium from solution. Jenne et al. (1980), working with the
waters associated with abandoned lead and zinc mines and tailings piles, dso indicate that the upper
limits on dissolved levels of cadmium in most waters were controlled by CdCO,. Santillan-Medrano
and Jurinak (1975) observed that the activity of dissolved cadmium in cadmium-amended soils was
lowest in calcareous soils. Baes and Mesmer (1976) suggested that cadmium may coprecipitate with
cacium to form carbonate solid solutions, (Ca,Cd)CO,. This may be an important mechanism in
contralling cadmium concentrations in calcareous soils.

Although cadmium itsdlf is not sengtive to oxidation/reduction conditions, its concentration in the
dissolved phase is generdly very sendtive to redox state. There are numerous studies (reviewed by
Khalid, 1980) showing that the concentrations of dissolved cadmium grestly increase when reduced
systems are oxidized, such as when dredged river sediments are land filled or rice paddies are drained.
The following 2 mechanisms appear to be responsible for thisincrease in dissolved cadmium
concentrations. (1) very insoluble CDs (greenockite) dissolves as sulfide [S(11)] that is oxidized to
aulfate [S(V1)], and (2) organic materids binding cadmium are decompaosed through oxidization,
releasing cadmium into the environment (Gambrdl et al., 1977; Giesy, 1980). This latter mechanism
gppears to be important only in environments in which moderate to high organic matter concentrations
are present (Gambrdl et al., 1977). Serne (1977) studied the effect of oxidized and reduced sediment
conditions on the release of cadmium from dredged sediments collected from the San Francisco Bay.
Greater than 90 percent of the cadmium in the reduced sediment [sediment incubated in the presence of
low O, levels (Eh<100 mV)] was complexed with insoluble organic matter or precipitated as sulfides.
The remainder of the cadmium was associated with the oxide minerds, clay lattices, or exchangeable
gtes. Dissolved cadmium concentrations gregtly increased when the sediments were incubated under
oxidizing conditions (En>350 mV). Cadmium concentrations released in the e utriate increased with
agitation time. These data suggested that this kinetic effect was due to dow oxidation of sulfide or
cadmium bound to organic matter bound in the reduced sediment prior to steady state equilibrium
conditions being reached. In asimilar type of experiment in which Mississippi sediments were dowly
oxidized, Gambrd| et al. (1977) reported that the insoluble organic- and sulfide-bound cadmium
fractions in sediment decreased dramatically (decreased >90 percent) while the exchangeable and
water-soluble cadmium fractions increased. Apparently, once the cadmium was released from the
sulfide and organic matter fractions, the cadmium entered the agueous phase and then re-adsorbed
onto other sediment phases.
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A third mechanism involves pyrite that may be present in soils or sediments and gets oxidized when
exposed to air.> The pyrite oxidizes to form FeSO,, which generates high amounts of acidity when
reacted with water. The decrease in the pH results in the dissolution of cadmium minerals and increase
in the dissolved concentration of cadmium. This processis congstent with the study by Kargbo (1993)
of acid sulfate clays used as waste covers.

5.2.5 Sorption/Desorption

At high solution concentrations of cadmium (>10 mg/l), the adsorption of cadmium often correlates with
the CEC of the soil (John, 1971; Levi-Minzi et al., 1976; McBride et al., 1981; Navrot et al., 1978;
Petruzdli et al., 1978). During cation exchange, cadmium generally exchanges with adsorbed cacium
and magnesum (McBride et al., 1982). Theionic radius of Cd?* is comparable to that of Ca?* and, to
alesser extent, Mg?*. At low solution concentrations of cadmium, surface complexation to cacite
(McBride, 1980) and hydrous oxides of auminum and iron (Benjamin and Leckie, 1981) may be the
most important adsorption mechanism.  Both Cd?* and possibly CdOH" may adsorb to duminum- and
iron-oxide mineras (Baligtrieri and Murray, 1981; Davis and Leckie, 1978).

Aswith other cationic metas, cadmium adsorption exhibits pH dependency. The effect of pH on
cadmium adsorption by soils (Huang et al., 1977), sediment (Reid and McDuiffie, 1981), and iron
oxides (Bdidrieri and Murray, 1982; Levy and Francis, 1976) isinfluenced by the solution
concentration of cadmium and the presence of competing cations or complexing ligands. At low
cadmium solution concentrations, sharp adsorption edges (the range of pH where solute adsorption
goes from ~0 to ~100 percent) suggests that specific adsorption (i.e., surface complexation viaa strong
bond to the minera surface) occurs. Under comparable experimental conditions, the adsorption edge
falsa pH vaues higher than those for lead, chromium, and zinc. Thus, in lower pH environments,
these metal's, based on their propensity to adsorb, would rank asfollows. Pb> Cr>2Zn>Cd. This
order isinversely reated to the pH a which hydrolyss of these meta's occurs (Benjamin and Leckie,
1981).

Competition between cations for adsorption sites strongly influences the adsorption behavior of
cadmium. The presence of cacium, magnesum, and trace meta cations reduce cadmium adsorption
by soils (Cavallaro and McBride, 1978; Singh, 1979), iron oxides (Bdidtrieri and Murray, 1982),
manganese oxides (Gadde and Laitinen, 1974), and duminum oxides (Benjamin and Leckie, 1980).
The extent of competition between cadmium and other ions depends on the relative energies of
interaction between the ions and the adsorbing surface, the concentrations of the competing ions, and
solution pH (Benjamin and Leckie, 1981; Sposito, 1984). The addition of copper or lead, which are
more strongly adsorbed, dightly reduces cadmium adsorption by iron and duminum oxides, suggesting
that copper and lead are preferentially adsorbed by different surface sites (Benjamin and Leckie,

1 D. M. Kargbo (1998, personal communication).
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1980). In contrast, zinc dmost completely displaces cadmium, indicating that cadmium and zinc
compete for the same group of binding sites (Benjamin and Leckie, 1981).

Although organic matter may influence adsorption of cadmium by soils (John, 1971; Levi-Minzi et al.,
1976), this effect is probably due to the CEC of the organic materid rather than to complexation by
organic ligands (Singh and Sekhon, 1977). In fact, remova of organic materid from soils does not
markedly reduce cadmium adsorption and may enhance adsorption (Petruzelli et al., 1978). Clay
mineras with adsorbed humic acids (organo-clay complexes) do not adsorb cadmium in excess of that
expected for clay minerals done (Levy and Francis, 1976).

5.2.6 Partition Coefficient, K, Values
5.2.6.1 General Availability of Ky Data

A totd of 174 cadmium K, values were found in the literature and included in the data base used to
create the look-up tables.! The cadmium K values as well as the ancillary experimentd data are
presented in Appendix C. Dataincluded in this table were from studies that reported K vaues (not
percent adsorption or Langmuir congtants) and were conducted in systems consisting of naturd soils (as
opposed to pure mineral phases), low ionic strength (< 0.1 M), pH vaues between 4 and 10, low
humic materid concentrations (<5 mg/l), and no organic chelates (e.g., EDTA). At the sart of the
literature search, attempts were made to identify cadmium K, studies that reported ancillary dataon
auminum/iron-oxide concentrations, cacium and magnesium solution concentrations, CEC, clay
content,? pH, redox status, organic matter concentrations and sulfide concentrations. Upon reviewing
the data and determining the availability of cadmium K studies reporting ancillary data, we selected
data on clay content, pH, CEC, and total organic carbon. The salection of these parameters was
based on availability of data and the possibility that the parameter may impact cadmium K values. Of
the 174 cadmium K values included in the compiled data, only 62 vaues had associated clay content
data, 174 vaues had associated pH data, 22 vaues had associated CEC data, 63 values had total
organic carbon data, and 16 had associated duminum/iron-oxide data. Descriptive Satisticsand a
correlaion coefficient matrix are presented in Appendix C.

1 Sincethe completion of our review and andysis of K data for the selected contaminants and
radionuclides, the study by Wang et al. (1998) was identified and may be of interest to the reader.

2 Unless specified otherwise, “dlay content” refersto the particle size fraction of soil that isless
than 2 micro m.
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5.2.6.2 Look-Up Tables

One cadmium K look-up table was created. The table requires knowledge of the pH of the system
(Table 5.4). The pH was sdlected as the key independent variable because it had a highly significant (P
< 0.001) correlation with cadmium Ky, a correlation coefficient value of 0.75. A detailed explanation
of the gpproach used in sdlecting the K4 vaues used in the table is presented in Appendix C. Briefly, it
involved conducting aregresson analysis between pH and K values). The subsequent regression
equation was used to provide centrd estimates. Minimum and maximum vaues were estimated by
plotting the data and estimating where the limits of the data existed.

There is an unusudly wide range of possible cadmium K vaues for each of the 3 pH categories. The
cause for thisislikely that there are severd other soil parametersinfluencing the K, in addition to pH.
Unfortunately, the correlations between the cadmium K, vaues and the other soil parametersin this
data set were not sgnificant (Appendix C).

5.2.6.2.1 Limitsof K4 Vaues With Respect to Aluminum/lron-Oxide Concentrations

The effect of iron-oxide concentrations on cadmium K values was evauated using the data presented
in Appendix C. Of the 174 cadmium K, valuesin the data set presented in Appendix C, only 16
vaues had associated iron oxide concentration data. In each case iron, and not duminum, oxide
concentration data were measured. The correlation coefficient describing the linear relaionship
between cadmium K, values and iron oxide concentration was 0.18, which is nonggnificant at the 5
percent level of probability. It was anticipated that there would be a positive correlation between iron
or auminum oxide concentrations and cadmium K, val ues because oxide mineras provide adsorption
(surface complexation) Sites.

Table5.4. Estimated range of K vaues for cadmium as afunction of pH.
[Tabulated values pertain to systems conssting of naturd soils (as
opposed to pure mineral phases), low ionic strength (< 0.1 M),
low humic materid concentrations (<5 mg/l), no organic chelates
(e.g., EDTA), and oxidizing conditions]

pH
K4 (ml/g) 3-5 5-8 8-10
Minimum 1 8 50
Maximum 130 4,000 12,600
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5.2.6.2.2 Limitsof K4 Vaueswith Respect to CEC

The effect of CEC on cadmium K vaues was eva uated using the data presented in Appendix C.
Of the 174 cadmium K values in the data set presented in Appendix C, only 22 vaues had associated
CEC data. The correlation coefficient describing the linear relationship between cadmium K vaues and
CEC was 0.40, which is nonggnificant a the 5 percent level of probability. It was anticipated that
there would be a positive corrdation between CEC and cadmium K values because cadmium can
adsorb to mineras via cation exchange.

5.2.6.2.3 Limitsof K4 Vaueswith Respect to Clay Content

The effect of clay content on cadmium K, vaues was evaluated using the data presented in Appendix
C. Of the 174 cadmium K, valuesin the data set presented in Appendix C, 64 values had associated
clay content data. The correlation coefficient describing the linear relationship between cadmium K
vaues and clay content was -0.04, which is nonggnificant at the 5 percent level of probability. It was
anticipated that there would be a positive corrdation between clay content and cadmium K values,
because clay content is often highly correlated to CEC, which in turn may be correlated to the number
of dtes available for cadmium adsorption.

5.2.6.2.4 Limitsof K, Vaueswith Respect to Concentration of Organic Matter

The effect of organic matter concentration, as approximated by total organic carbon, on cadmium K
values was eva uated using the data presented in Appendix C. Of the 174 cadmium K, vauesin the
data set presented in Appendix C, 63 values had associated total organic carbon concentration data.
The corrdation coefficient describing the linear reationship between cadmium K values and tota
organic carbon concentration was 0.20, which is nonsignificant at the 5 percent leve of probability. It
was anticipated that there would be a positive correlation between total organic carbon concentration
and cadmium K values because soil organic carbon can have extremely high CEC vaues, providing
additiond sorption gtes for dissolved cadmium.

5.2.6.2.5 Limitsof K, Vaueswith Respect to Dissolved Cacium, Magnesum, and Sulfide
Concentrations, and Redox Conditions

Cdcium, magnesium, and sulfide solution concentrations were rardly, if at dl, reported in the
experiments used to comprise the cadmium data set. It was anticipated that dissolved cacium and
magnesium would compete with cadmium for adsorption Sites, thereby decreasing K values. 1t was
anticipated that sulfides would induce cadmium precipitation, thereby increasing cadmium K vaues.
Similarly, low redox status was expected to provide an indirect measure of sulfide concentrations,
which would in turn induce cadmium precipitation. Sulfides only exist in low redox environments; in
high redox environments, the sulfides oxidize to sulfates thet are less prone to form cadmium
precipitates.
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5.3 Cesium Geochemistry and K, Values

5.3.1 Overview: Important Agueous- and Solid-Phase Parameters
Controlling Retardation

The agueous Speciation of cesum in groundwaeter is among the Smplest of the contaminants being
consdered in thisstudy. Cesum forms few stable complexes and islikely to exist in groundwater as
the uncomplexed Cs' ion, which adsorbs rather strongly to most mineras, especialy micarlike clay
minerals. The extent to which adsorption will occur will depend on (1) the concentration of micalike
caysin the soil, and (2) the concentration of mgjor cations, such as K™ which hasasmal ionic radius as
Cs', tha can effectively compete with Cs™ for adsorption Sites.

5.3.2 General Geochemistry

Cesum (Cg) exigsin the environment in the +1 oxidation sate. Stable cesum is ubiquitousin the
environment with concentrations in soils ranging between 0.3 and 25 mg/kg (Lindsay, 1979). The only
stable isotope of cesum is**Cs. Fisson products include 4 main cesum isotopes. Of these, only
BCs[hdf life(t,,) = 2.05y], *Cs (t,, = 3x 10°y), and *¥'Cs (t,, = 30.23 y) are a significant
concentrations 10 y after separation from nuclear fuels (Schneider and Platt, 1974).

Contamination includes cesum-containing soils and cesum dissolved in surface- and groundwaters. Of
the contaminated Stes consdered in EPA/DOE/NRC (1993), radioactive contamination of soil, surface
water, and/or groundwater by **Cs, **Cs and/or 3" Cs has been identified at 9 of the 45 Superfund
Nationd Priorities List (NPL) Stes.

5.3.3 Aqueous Speciation

Thereislittle, if any, tendency for cesum to form agueous complexes in soil/water environments. Thus,
the formation of inorganic complexesis not a mgor influence on cesum speciation and the dominant
aqueous species in most groundwaeter is the uncomplexed Cs™ ion. Baes and Mesmer (1976) report
that cesum may be associated with OH ionsin solution, but that the extent of this association cannot be
estimated accurately. The uncomplexed Cs™ ion forms extremely week agueous complexes with
sulfate, chloride, and nitrate. Cesium aso can form wesk complexes with humic materids, as shown by
the following ranking of cations by their propensity to form complexes with humic materias (Bovard et
al., 1970):

Ce>Fe>Mn>Co>Ru>Sr>Cs
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Further, complexation of cesum by common indudtrid chelates (e.g., EDTA) is believed to be poor
due to their low stabilities and the presence of competing cations (e.g., Ca?*) a appreciably higher
concentrations than that of cesum. Therefore, aqueous complexation is not thought to greetly influence
cesium behavior in most groundweter systems.

5.3.4 Dissolution/Precipitation/Coprecipitation

Neither precipitation nor coprecipitation are expected to affect the geochemistry of cesumiin
groundwater. The solubility of most cesum compounds in weter is very high.

5.3.5 Sorption/Desorption

In genera, most soils sorb cesum rather strongly (Ames and Rai, 1978). Some micalike minerds,
such asillite { (K,H;O)(Al,Mg,Fe),(S,Al) 40[ (OH), H,O]} and vermiculite
[(Mg,FeAl)5(S,Al),0,4(OH),-4H,0], tend to intercaate (fix) cesum between their sructurd layers
(Bruggenwert and Kamphorgt, 1979; Douglas, 1989; Smith and Comans, 1996). These dlicate
minerds can be thought of as having a crystd lattice composed of continuous sheet structures. The
distance between the silicate layersis controlled by the type of cation associated with the adsorption
steson the layers. Large hydrated cations, such as Na', Li*, Ca?*, and Mg?*, tend to pry the layers
further apart, whereas smal hydrated cations, such as K™, have the opposite effect. The interlayer
distance between the sheets of micalike mineras excludes the absorption of the mgority of cations by
sze, while permitting the Cs’ ion to fit perfectly between the layers. Consequently, these mica-like
minerds commonly exhibit avery high sdlectivity for Cs™ over other cations, including cations exigting at
much higher concentrations. Even asmal amount (e.g., 1-2 weight percent) of these micalike minerds
in asoil may srongly absorb alarge amount of dissolved cesum (Coleman et al., 1963; Douglas,
1989). Some researchers have consdered the exchange of trace cesum on these mica-like mineralsto
be nearly irreversble (Douglas, 1989; Routson, 1973), meaning that cesum absorbs at a much faster
rate than it desorbs.

The effect of cesum concentration and pH on cesum adsorption by a cacareous soil containing mica
like minerds has been sudied by McHenry (1954). The dataindicate that trace cesum concentrations
are essentidly completely adsorbed above pH 4.0. When placed in a high-sdt solution, 4 M NaCl,
only up to 75 percent of the trace cesum was adsorbed, and the adsorption was essentiadly
independent of pH over awiderange. At cesum loadings on the soil of lessthan 1 percent of the ol
CEC, the effect of competing cations on cesum adsorption was dight. Low concentrations of
dissolved cesum are typical of cesum-contaminated areas. Thus competition may not play an
important role in controlling cesum adsorption in most netura groundwater environments. The results
of McHenry (1954) also indicate that trace concentrations of cesium were adsorbed to a greater
degree and were more difficult to displace from the soil by competing cations than when the cesum was
adsorbed at higher loadings.
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Cesium may aso adsorb to iron oxides (Schwertmann and Taylor, 1989). Iron oxides, unlike micalike
minerds, do not “fix” cesum. Instead they complex cesum to sites whose abundance is pH dependent;
i.e., iron oxides have variable charge surfaces. 1ron oxides dominate the adsorption capacity of many
soilsin semi-tropical regions, such as the southeastern United States. In these soils, many micalike
mineras have been weathered away, leaving mineras with more pH-dependent charge. Asthe pH
decreases, the number of negatively charged complexation Sites also decreases. For example, Prout
(1958) reported that cesium adsorption to iron-oxide dominated soils from South Carolina decreased
dramaticaly when the suspenson pH was less than 6.

Cesum adsorption to humic materidsis generaly quite wesk (Bovard et al., 1970). Thisis consstent
with cation ranking listed above showing that cesum forms rdatively week complexes with organic
matter.

5.3.6 Partition Coefficient, K, Values
5.3.6.1 General Availability of K, Data

Three generdized, smplifying assumptions were established for the selection of cesum K vaues for
the look-up table. These assumptions were based on the findings of the literature review we conducted
on the geochemica processes affecting cesium sorption.? The assumptions are as follows:

«  Cesum adsorption occurs entirdly by cation exchange, with the exception when micalike
mineras are present. Cation exchange capacity (CEC), a parameter that is frequently not
measured, can be estimated by an empirical relationship with clay content and pH.

«  Cesum adsorption into mica:like mineras occurs much more readily than desorption. Thus, K
vaues, which are essentidly aways derived from adsorption studies, will greetly overestimate
the degree to which cesum will desorb from these surfaces.

«  Cesium concentrations in groundwater plumes are low enough, less than approximatdy 107
M, such that cesum adsorption follows alinear isotherm.

These assumptions appear to be reasonable for awide range of environmenta conditions. However,
these smplifying assumptions are clearly compromised in systems with cesium concentrations greater
than approximately 107 M, ionic strength levels greater than about 0.1 M, and pH levels greater than
about 10.5. These 3 assumptions will be discussed in more detail in the following sections.

1 Since the completion of our review and andysis of K, data for the selected contaminants and
radionuclides, the studies by Cygan et al. (1998), Fisher et al. (1999), and Oscarson and Hume
(1998) were identified and may be of interest to the reader.
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Based on the assumptions and limitation described in above, cesum K vaues and some important
ancillary parameters that influence cation exchange were collected from the literature and tabul ated.
Daaincluded in this table were from studies that reported K vaues (not percent adsorbed or
Freundlich or Langmuir congtants) and were conducted in systems congsting of: (1) low ionic strength
(< 0.1 M), (2) pH vaues between 4 and 10.5, (3) dissolved cesium concentrations lessthan 107 M,
(4) low humic materia concentrations (<5 mg/l), and (5) no organic chelates (e.g., EDTA). Initidly,
attempts were made to include in the K, data set dl the key agueous and solid phase parameters
identified above. The key parametersincluded auminum/iron-oxide mineral concentration, CEC, clay
content, potassium concentration, mica-like mineral content, ammonium concentration, and pH. The
ancillary parameters for which data could be found in the literature that were included in these tables
were clay content, mica content, pH, CEC, surface area, and solution cesum concentrations. This
cesum data set included 176 cesum K vaues. The descriptive gatigtics of the cesum K, data set are
presented in Appendix D.

5.3.6.2 Look-Up Tables

Linear regression anayses were conducted with data collected from the literature. These andyses were
used as guidance for selecting appropriate K values for the look-up table. The K, vauesused in the
look-up tables could not be based entirely on Satistical consderation because the Satisticd andysis
results were occasondly nonsensible. For example, the data showed a negative correlation between
pH and CEC, and pH and cesum K values. These trends contradict well established principles of
surface chemidtry. Ingtead, the statistical analysis was used to provide guidance as to the approximate
range of vaues to use and to identify meaningful trends between the cesum K, values and the solid
phase parameters. Thus, the K valuesincluded in the look-up table were in part selected based on
professond judgment. Again, only low-ionic strength solutions, such as groundwaters, were
consdered; thus no solution variables were included.

Two look-up tables containing cesum K values were created. The firgt tableis for systems containing
low concentrations of micalike minerds. lessthan about 5 percent of the clay-sze fraction (Table 5.5).
The second table is for systems containing high concentrations of mica-like minerds (Table 5.6). For
both tables, the user will be able to reduce the range of possible cesum K vaues with knowledge of
either the CEC or the clay content. A detailed description of the assumptions and the procedures used
in coming up with these valuesis presented in Appendix D.
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Table5.5.

Estimated range of K vaues (ml/g) for cesum based on
CEC or clay content for systems containing <5 percent
micalike minerdsin day-size fraction and <10° M
agueous cesum. [Table pertains to systems congsting of
natura soils (as opposed to pure mineral phases), low
ionic strength (<0.1 M), low humic materia
concentrations (<5 mg/l), no organic chelates (e.g.,
EDTA), and oxidizing conditions]

Kq (mi/g)

CEC (meg/100 g) / Clay Content (wt.%)

<3/<4

3-10/4-20

10-50/20- 60

Minimum

10

30

80

Maximum

3,500

9,000

26,700

Table5.6. Estimated range of K values (ml/g) for cesum based on
CEC or clay content for systems containing >5 percent
micalike minerdsin clay-size fraction and <10° M
agueous cesum. [Table pertains to systems conssting of
natural soils (as opposed to pure minerd phases), low
ionic strength (<0.1 M), low humic materid concentrations
(<5 mg/l), no organic chelates (e.g., EDTA), and oxidizing

conditions]

CEC (meg/100 g) / Clay Content (wt.%)

K4 (ml/g) <3/<4 3-10/4-20 | 10-50/20-60
Minimum 30 70 210
Maximum 9,000 22,000 66,700
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53.6.21 Limitsof K4 Vaueswith Respect to pH

Of the 177 cesium K values obtained from the literature, 139 of them had associated pH vaues for the
system under consideration (Appendix D). The average pH of the systems described in the data set
was pH 7.4, ranging from pH 2.4 to 10.2. The correlation coefficient (r) between pH and cesum K
vaueswas 0.05. Thisisclearly anindggnificant correlaion. This poor correlation may be attributed to
the fact that other soil properties having a greater impact on cesum K values were not held constant
throughout this data st.

5.3.6.2.2 Limitsof K, Vaueswith Respect to Potassum, Ammonium, and Aluminumy/lron-Oxides
Concentrations

Potassum, ammonium, and duminunviron-oxide minerd concentrations wererardly, if at al, reported in
the experiments used to comprise the cesum K, data set (Appendix D). It was anticipated that
dissolved potassum and ammonium would compete with cesium for adsorption sites, thereby
decreasing K, values. The presence of duminum and/or iron oxides in the solid phase was expected to
increase cesum K, vaues.

5.4 Chromium Geochemistry and K, Values

5.4.1 Overview: Important Aqueous- and Solid-Phase Parameters
Controlling Retardation

A plume containing high concentrations of chromium is more likely to be composed of Cr(VI) than
Cr(111) because the former isless likely to adsorb or precipitate to the solid phase. Chromium(V1) is
aso appreciably more toxic than Cr(l11). 1t exhibits sgnificant subsurface mohility in neutra and basic
pH environments. In acid environments, Cr(VI1) may be moderately adsorbed by pH-dependent
charge minerds, such asiron- and duminum-oxide minerals. The reduction of Cr(V1) to Cr(l11) by
ferrousiron, organic matter, and microbesis generdly quite rapid whereas the oxidation of Cr(ll1) to
Cr(VI) by soil manganese oxides or dissolved oxygen iskineticaly dower. The most important
agueous- and solid-phase parameters controlling retardation of chromium include redox status, pH, and
the concentrations of duminum- and iron-oxide mineras and organic matter.

5.4.2 General Geochemistry

Chromium is found in the environment primarily in the +3 and +6 oxidation states. The geochemica
behavior and biologicd toxicity of chromium in these 2 oxidetion states are profoundly different.
Chromium(V1) tends to be soluble, forms anionic or neutra dissolved species, can be very mobile, and
is acutely toxic (Nriagu and Nieboer, 1988). In contrast, Cr(I11) tends to precipitate, forms cationic
dissolved species, isimmobile under moderatdly dkaine to dightly acidic conditions, and isrdatively
nontoxic. The primary human activities leading to the introduction of chromium into the environment are
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ore processing, plating operations, and manufacturing (reviewed by Nriagu and Nieboer, 1988).
Discussions of the production, uses, and toxicology of chromium have been presented by Nriagu and
Nieboer (1988). Good review articles describing the geochemisiry of chromium have been written by
Ra et al. (1988), Pamer and Wittbrodt (1991), Richard and Bourg (1991), and Pamer and Puls
(1994). A critical review of the thermodynamic properties for chromium meta and its agueous ions,
hydrolyss species, oxides, and hydroxides was published by Ball and Nordstrom (1998).

5.4.3 Aqueous Speciation

Chromium exigs in the +2, +3, and +6 oxidation states in water, of which only the +3 and +6 dates are
found in the environment. Chromium(l11) exists over awide range of pH and Eh conditions, whereas
Cr(V1) exigs only under strongly oxidizing conditions. According to Baes and Mesmer (1976), Cr(l11)
exists predominantly as Cr®* below pH 3.5 in a Cr(I11)-H,O system. With increasing pH, hydrolysis of
Cr¥ yields CrOH?*, Cr(OH)3%, Cr(OH)3(aq), and Cr(OH);, Cr,(OH)3*, and Cry(OH)3". At higher
chromium concentrations, polynuclear species, such as Cr,(OH)3" and Cry(OH)3*, can form dowly a
25"C (Baes and Mesmer, 1976). Chromium(V1) hydrolyses extensively, forming primarily anionic
species. These species are HCrO;, (bichromate), CrO3 (chromate), and Cr,0% (dichromate) (Baes
and Mesmer, 1976; Pamer and Wittbrodt, 1991; Richard and Bourg, 1991). Pamer and Puls (1994)
presented some Cr(V1) speciation diagrams representative of groundwater conditions. They showed
that above pH 6.5, CrO7 generaly dominates. Below pH 6.5, HCrO, dominates when the total
concentration of dissolved Cr(V1) islow (<30 mM). When Cr(VI) concentrations are grester than

30 mM, Cr,07 isthe dominant aqueous species rdaive to HCrO;, at acidic conditions (Palmer and
Puls, 1994). These results are consistent with those of Baes and Mesmer (1976).

5.4.4 Dissolution/Precipitation/Coprecipitation

Severd investigators have presented evidence suggesting the formation of solubility-controlling solids of
Cr(l1) in soils.  Ra and Zachara (1984) concluded that most Cr(111) solubility-controlling solidsin
nature are either Cr(OH); or Cr(111) coprecipitated with iron oxides. Their conclusion was supported
by 3 observations: (1) the thermodynamic trestment of the data where the solubility of chromite
(FeCr,Q,) is predicted to be the lowest among the chromium mineras for which data are available
(Hem, 1977), (2) the smilarity of Cr(l11) and Fe(I11) ionic radii, and (3) the observations that aqueous
Cr(111) isremoved by Fe(OH) precipitation and that chromium during weethering is found to associate
with ferric-rich materids (Nakayama et al., 1981). Hem (1977) reported that the total chromium
concentration in groundwater beneath Paradise Vdley, Arizonawas close to the solubility of Cr,Os.
Because Cr(111) minerds are sparingly soluble, the aqueous concentration of Cr(l11) should be less than
EPA’s maximum concentration level (MCL) for chromium (0.1 mg/l) between dightly acid to
moderately akaine conditions (Pamer and Puls, 1994).

Severd Cr(VI1)-containing minera phases may be present at chromium-contaminated sSites. Palmer and
Wittbrodt (1990) identified PbCrO, (crocoite), PbCrO,-H,O (iranite), and K,CrO, (tarapacaite) in
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chromium dudge from a plating facility. They dso reported that BaCrO, formed a complete solid
solution with BaSO,. They concluded that these solid solutions can be a mgor impediment to the
remediation of chromium-contaminated Sites by pump-and-tregt technologies.

Chromium(V1) isastrong oxidant and is rapidly reduced in the presence of such common eectron
donors as aqueous F(11), ferrous iron minerds, reduced sulfur, microbes, and organic matter (Bartlett
and Kimble, 1976; Nakayama et al., 1981). Studiesindicate that Cr(V1) can be reduced to Cr(111) by
ferrous iron derived from magnetite (Fe;O,) and ilmenite (FeTiO4) (White and Hochella, 1989),
hematite (Fe,O,) (Eary and Rai, 1989),! and pyrite (FeS,) (Blowes and Ptacek, 1992).

The reduction of Cr(VI) by Fe(ll) isvery rapid. The reaction can go to completion in a matter of
minutes (Eary and Rai, 1989). Therate of reduction of Cr(V1) increases with decreasing pH and
increasing initid Cr(V1) and reductant concentrations (Pmer and Puls, 1994). Interestingly, this
reaction does not appear to be dowed by the presence of dissolved oxygen (Eary and Rai, 1989).
When the pH is greater than 4, Cr(I11) can precipitate with Fe(l11) to form asolid solution with the
genera composition Cr,Fe,_,(OH); (Sessand Ral, 1987). The solubility of chromium in this solid
solution decreases as the mole fraction of Fe(l11) increases. The oxidation reaction proceeds much
more dowly than the reduction reaction; the former reaction requires months for completion (Eary and
Ral, 1987; PAmer and Puls, 1994). Only 2 condtituents in the environment are known to oxidize
Cr(111): dissolved oxygen and manganese-dioxide minerds[e.g., pyroluste (3-MnQO,)]. Eary and Rai
(1987) reported that the rate of Cr(I11) oxidation was much greater in the presence of manganese-
dioxide minerds than dissolved oxygen.

5.4.5 Sorption/Desorption

The extent to which Cr(I11) sorbs to soils is appreciably greater than that of Cr(V1) because the former
exists in groundwater as a cation, primarily as Cr** (and its complexed species), whereas the latter
exists as an anion, primarily as CrO3 or HCrO;. Most information on Cr(V1) adsorption comes from
sudies with pure minerd phases (Davis and Leckie, 1980; Griffin et al., 1977; Leckie et al., 1980).
These studies suggest that Cr(V1) adsorbs strongly to gibbsite («-Al,O3) and amorphousiron oxide
[Fe,O5 H,0O(am)] at low to medium pH vaues (pH 2 to 7) and adsorbs weskly to slica(SO,) at dl
but very low pH vaues (Davis and Leckie, 1980; Griffin et al., 1977; Leckieet al., 1980). These
results can be explained by considering the isodlectric points (IEP)? of these minerds. When the pH of
the system is greater than the isoelectric point, the mineral has a net negative charge. Whenthe pH is

! Eary and Rai (1989) attributed the reduction of Cr(V1) to Cr(l11) by hematite (Fe,O;) as containing
having trace quantities of Fe(l1).

2 Theisodectric point (IEP) of aminera isthe pH at which it has anet surface charge of zero. More
precisdy, it isthe pH a which the particle is eectrokineticaly uncharged.
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below the isoelectric point, the minerd has a net positive charge. Hence, anion adsorption generdly
increases as the pH becomes progressively lower than the isoelectric point. The isoeectric point of
gibbsite («-Al,O3) is9.1, amorphousiron oxide [Fe,O4 H,O (am)] is8.1, and slicais 2.0 (Stumm and
Morgan, 1981).

The presence of competing and, less commonly, complexing ions may significantly dter chromate
adsorption. Although sulfate is adsorbed less strongly on Fe,O5 H,O(am) than chromate, sulfate may
compete for adsorption sites when present in higher concentration (Leckie et al., 1980). Phosphate
exhibits a grester competitive effect on chromate adsorption (MacNaughton, 1977), reducing sorption
by around 50 percent when present a equa normdity. Information on effects of complexing ionson
Cr(VI) sorption is dmost nonexistent, though adsorption of ion pairs [e.g., CaCrO(aq) and
KHCrO,(aq)] is suggested as 1 possible mechanism for removal of Cr(V1) by Fe,045-H,O (am)
(Leckieet al., 1980).

Adsorption of Cr(I11) to soils has received only anomina amount of research atention. The reason for
this may be that sorption of Cr(l11) by soil is commonly ascribed to solid phase formation.
Chromium(l11) rapidly hydrolyzes, and precipitates as the hydroxide Cr(OH); and/or copreci pitates
with Fe(OH); (Artiolaand Fuller, 1979; Hem, 1977,). Adsorption may be an especialy important
mechanism of sorption at lower pH (pH <4.5) and total chromium concentrations (<10° M). Limited
sudiesinfer that Cr(l11), like other +3 cationic metals, is strongly and specificaly aosorbed by soil iron
and manganese oxides (Korte et al., 1976). However, when Cr(I11) is present in solution at high
concentrations, it may undergo exchange reactions with duminoslicates (Griffin et al., 1977).
Chromium(111) adsorption may aso be influenced by the presence of manganese-oxide minerals.
Manganese oxides may catalyze oxidation to Cr(V1), thereby decreasing the tendency for chromium to
adsorb to the soils (Bartlett and James, 1979; Nakayama et al., 1981).

5.4.6 Partition Coefficient, K, Values

5.4.6.1 General Availability of Ky Data
The review of chromium K, data obtained for a number of soils (Appendix E) indicated that a number
of factors influence the adsorption behavior of chromium. These factors and their effects on chromium

adsorption on soils were used as the basis for generating alook-up table. These factors are:

« Concentrationsof Cr(l11) in soil solutions are typically controlled by dissolution/precipitation
reactions.

« Increasing pH decreases adsorption (decrease in K) of Cr(VI) on minerads and soils. The
data are quantified for only alimited number of soils.

5.24



« Theredox state of the soil affects chromium adsorption. Ferrousiron associated with iron
oxidefhydroxide minerdsin soils can reduce Cr(V1) which resultsin precipitation (higher Ky).
Soils containing Mn oxides oxidize Cr(l11) into Cr(V1) form thus resulting in lower K vaues.
The relaion between oxide/hydroxide contents of iron and manganese and their effectson K
have not been adequatdly quantified except for afew soils.

« The presence of competing anions reduce Cr(V1) adsorption. These effects have been
quantified as afunction of pH for only 2 soils.

The factors which influence chromium adsorption were identified from studies by Leckie et al. (1980),
Davisand Leckie (1980), Griffin et al. (1977), and Rai et al. (1986), and studies discussed below. A
description and assessment of these data are provided in Appendix E.

Adsorption data dso show that iron and manganese oxide contents of soils significantly affect the
adsorption of Cr(V1) on soils (Korte et al., 1976). However, these investigators did not publish either
K4 vaues or any corrdative relationships between K, and the oxide contents. Studies by Stollenwerk
and Grove (1985) and Sheppard et al. (1987) usng soils showed that K4 decreases as a function of
increasing equilibrium concentration of Cr(VI). Another study conducted by Rai et al. (1988) on

4 different soils confirmed that K vaues decrease with increasing equilibrium Cr(V1) concentration.
The adsorption data obtained by Rai et al. (1988) aso showed that quantities of sodium dithionite-
citrate-bicarbonate (DCB) extractable iron content of soilsisagood indicator of asoil’s ability to
reduce Cr(VI) to the Cr(l11) oxidation state. The reduced Cr has been shown to coprecipitate with
ferric hydroxide. Therefore, observed remova of Cr(V1) from solution when contacted with
chromium-reductive soils may stem from both adsorption and precipitation reactions. Smilarly, Ra et
al. (1988) dso showed that certain soils containing manganese oxides may oxidize Cr(111) to Cr(V1).
Depending on solution concentrations, the oxidized form (+6) of chromium may aso precipitate in the
form of Ba(S,Cr)O, Such complex geochemica behavior chromium in soils implies that depending on
the properties of a soil, the measured K4 values may reflect both adsorption and precipitation reactions.

Adsorption studies have shown that competing anions such as SO, CO%/HCO;, HPOZ, H,PO; NO3
and CI, sgnificantly reduce Cr(V1) adsorption on oxide minerds and soils (Leckie et al., 1980;
MacNaughton, 1977; Rai et al., 1986; Rai et al., 1988; Stollenwerk and Grove, 1985).

The data regarding the effects of soil organic matter on Cr(V1) adsorption are rather sparse. In 1 study
(Stollenwerk and Grove, 1985) which evauated the effects of soil organic matter on adsorption of
Cr(V1), the results indicated that organic matter did not influence Cr(V1) adsorption properties (see

Appendix E).

5.4.6.2 K4 Look-Up Tables
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Among dl available datafor Cr(V1) adsorption on soils, the most extensive data set was developed by
Ra et al. (1988). These investigators studied the adsorption behavior of 4 different well-characterized
subsurface soil samples. They investigated the adsorption behavior of Cr(VI) on these 4 soil samplesas
afunction of pH. Additiondly, they dso investigated the effects of competing anions such as SOF, and
CO3%/HCO; . The adsorption data developed by these investigators was used to calculate the K 4
vaues (Appendix E). These K, vaues were used as the basis to develop the look-up Table 5.7.

5.4.6.2.1 Limitsof K, Vaueswith Respect to pH

Natura soil pH typicaly ranges from about 4 to 11 (Richards, 1954). The 2 most common methods of
measuring soil pH are either using a soil paste or a saturation extract. The standard procedure for
obtaining saturation extracts from soils has been described by Rhoades (1996). The saturation extracts
are obtained by saturating and equilibrating the soil with distilled water followed by collection using
vacuum filtration. Saturation extracts are usudly used to determine the pH, the eectrical conductivity,
and dissolved sdtsin soils.

The narrow pH ranges in the look-up table (Table 5.7) were selected from the observed rate of change
of Ky with pH. The K, vauesfor dl 4 soils were observed to decline with increasing pH and at pH
values beyond about 9, K values for Cr(V1) are <1 ml/g (see Appendix E).

5.4.6.2.2 Limitsof K4 Vaueswith Respect to Extractable Iron Content

The soil characterization data provided by Rai et al. (1988) indicate the soils with DCB extractable
iron contents above ~0.3 mmol/g can reduce Cr(VI) to Cr(I11). Therefore the measured K vaues for
such soilsreflect both redox-mediated precipitation and adsorption phenomena. The data adso show
that soilswith DCB extractable iron contents of about 0.25 mmol/g or less do not gppear to reduce
Cr(VI). Therefore, 3 ranges of DCB extractable iron contents were selected which represent the
categories of soilsthat definitely reduce (>0.3 mmol/g), probably reduce (0.26 - 0.29 mmol/g), and do
not reduce (<0.25 mmol/g) Cr(V1) to Cr(l1l) form.

5.4.6.2.3 Limitsof K4 Vaueswith Respect to Competing Anion Concentrations

The adsorption data (Rai et al., 1988) show that when totad sulfate concentration in solution is about 2
X 10° M (1915 mg/l), the chromium K4 values are reduced by about an order of magnitude as
compared to a noncompetitive condition. Therefore, a sulfate concentration of about 2 x 103 M
(191.5 mg/l) has been used as alimit at which an order of magnitude reduction in K, vaues are
expected. Four ranges of soluble sulfate concentrations (0 - 1.9, 2 -18.9, 19 - 189, and >190 mg/l)
have been used to develop the look-up table. The soluble sulfate concentrations in soils can be
assessed from saturation extracts (Richards, 1954).
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5.5 Lead Geochemistry and K, Values

5.5.1 Overview: Important Aqueous- and Solid-Phase Parameters Controlling Retar dation

Lead has 3 known oxidation states, 0, +2, and +4, and the most common redox state encountered in
the environment is the divaent form. Totd dissolved lead concentrations in naturd waters are very low
(~10® M). Dissolved lead in naturd systems may exist in free ionic form and aso as hydrolytic and
complex species. Speciation calculations show that at pH vaues exceeding 7, aqueous lead exists
mainly as carbonate complexes [PoCO3(ag), and Pb(CO5)3]. Important factors that control agueous
speciation of lead include pH, the types and concentrations of complexing ligands and mgjor cationic
condtituents, and the magnitude of stability constants for lead-ligand agueous complexes.

A number of studies and cal culations show that under oxidizing conditions depending on pH and ligand
concentrations, pure-phase lead solids, such as PbCO;, Pb;(OH),(COs),, PbSO,, Pbs(PO,)5(Cl),
and Pb,SO,(CO,),(OH),, may control agueous lead concentrations. Under reducing conditions,
gaena (PbS) may regulate the concentrations of dissolved lead. It isaso possible that lead
concentrations in some natural systems are being controlled by solid solution phases such as barite
(Bay.»PhSO,), apatite [Cay,., P, (PO,);OH], cacite (Ca.,\Pb,CO5), and iron sulfides (Feg.,,Pby,S).

Lead is known to adsorb onto soil congtituent surfaces such as clay, oxides, hydroxides,
oxyhydroxides, and organic matter. In the absence of adistinct lead solid phase, natural lead
concentrations would be controlled by adsorption/desorption reactions. Adsorption data show that
lead has very strong adsorption affinity for soils as compared to a number of first trangtion metas.
Lead adsorption studies on bulk soilsindicate that the adsorption is strongly correlated with pH and the
CEC vdues of soils. Propertiesthat affect CEC of soils, such as organic matter content, clay content,
and surface area, have greater affect on lead adsorption than soil pH.

5.5.2 General Geochemistry

Lead is an ubiquitous heavy metd and its concentration in uncontaminated soil ranges from 2 to

200 mg/kg and averages 16 mg/kg (Bowen, 1979). Annud anthropogenic lead input into soils has
been estimated to be from 0.04 to 4 micro g/kg (Ter Haar et al., 1967). In contaminated soils, lead
concentrations may be as high as 18 percent by weight (Mattigod and Page, 1983; Ruby et al., 1994).
Lead in nature occurs in 4 stable isotopic forms (***Ph, 2%°Pb, 2°’Ph, and 2®®Ph). The isotopes, 2°Pb,
207Ph, and 2%Ph are the stable end products of the 28U, 2°U, and 22Th thorium decay series,
respectively (Robbins, 1980). Additiondly, heavier isotopes of lead (*°Ph, ?!*Pb, #2Pb, and #“Pb)
are known to occur in nature as intermediate products of uranium and thorium decay (Robbins, 1978).
The

5.28



most common vaence sate of lead encountered in the environment is the divdent form (Baes and
Mesmer, 1976). Extensve studies of lead biogeochemistry have been conducted due to its known
adverse effects on organisms (Hammond, 1977). Comprehensive descriptions of environmenta
chemistry of lead have been published by Boggess and Wixson (1977) and Nriagu (1978).

5.5.3 Aqueous Speciation

Lead exhibits typical amphoteric! meta ion behavior by forming hydrolytic species (Baes and Mesmer,
1976). Formation of monomeric hydrolytic species, such as PbOH*, Pb(OH)3(ag) and Pb(OH); , is
well established. Although severa polymeric hydrolytic species such as Pb,OH**, Pb,y(OH)3,
Pb,(OH)2", and Pbg(OH)3" are known to form at high lead concentrations, calculations show that these
types of species are unlikely to form at concentrations of dissolved lead (~10° M) typicaly
encountered even in contaminated environments (Rickard and Nriagu, 1978). These investigators also
showed that computation models of speciation of dissolved lead in fresh- or seawater predicted that at
pH va ues exceeding about 6.5, the dominant species are lead-carbonate complexes. Lead isknown
to form agueous complexes with inorganic ligands such as carbonate, chloride, fluoride, nitrate, and
ulfate.

To examine the digtribution of dissolved lead speciesin naturd waters, MINTEQAZ2 mode caculations
were completed using the water composition described in Table 5.1. Thetota lead concentration was
assumed to be 1 micro g/l based on the datafor natural waters tabulated by Duram et al. (1971) and
Hem (1985). A tota of 21 agqueous species (uncomplexed Pb?*, and 20 complex species, listed in
Table 5.8) were used in the computation. Results of the computation are plotted as a species
distribution diagram (Figure 5.2). The data show that, under low pH (<6) conditions, free ionic Po?*
appears to be the dominant species, and the neutral species, PbSO,(ag), accounts for about 5 percent
of the total dissolved lead. Within the pH range of 6.5 to 7.5, the main species of lead appear to be
free ionic species, Po?*, and the neutral complex species, PoCOj(ag) with minor percentage of the
species consisting of PbHCO}, (about 15 percent), PbSO, (ag) (<5 percent), and PbOH" (<5 percent).
Between the pH range 7 to 9, the neutral complex species PbCO3(ag) dominates dissolved lead
speciation. At pH values exceeding 9, in addition to PbCOj3(aq), asignificant fraction of soluble lead is
present as the anionic carbonate complex, Po(CO,)3. These caculations aso confirm Rickard and
Nriagu's (1978) observation that polymeric species are not significant in the chemistry of lead in naturd
waters.  The species didribution illustrated in Figure 5.2 does not change if the concentration of tota
dissolved lead isincreased from 1 to 1,000 micro g/l.

This speciation calculation demondtrates that the important factors that control agueous speciation of
lead include pH and the types of complexing ligands. Aqueous speciation of lead has adirect bearing

1 Amphoteric behavior is the ability of an agueous complex or solid maerid to have a negative, neutrd,
or pogitive charge.
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on dissolution/precipitation of lead-solid phases and the adsorption/desorption reactions. Complexation
enhances the solubility of lead-bearing solid phases. This enhancement in solubility is dependent on the
srength of complexation [indicated by the magnitude of stability congtant] and the total concentrations
of complexing ligands. Also, aswill be discussed shortly, adsorption of lead is affected by the type,
charge, and the concentration of lead complexes present in solution. Cationic lead species, especidly
Pb?* and its hydrolysis species, adsorb more commonly than anionic lead complexes.

5.5.4 Dissolution/Precipitation/Coprecipitation

Lead solids in the environment may occur in a number of minera forms (Rickard and Nriagu 1978;
Mattigod et al., 1986; Zimdahl and Hassett, 1977). However, these authors have identified a limited
number of secondary lead mineras that may control the concentrations of dissolved lead in soil/water
environments. If the concentration of dissolved lead in a pore water or groundwater exceeds the
solubility of any of these phases, the lead-containing solid phase will precipitate and thus control the
maximum concentration of lead that could occur in the agueous phase. According to Rickard and
Nriagu (1978), under oxidizing conditions, depending on pH and ligand concentrations, cerussite
(PbCO,), hydrocerussite [Ph;y(OH),(COs),], anglesite (PbSO,), or chloropyromorphite [Phg(PO,);Cl]
may control aqueous lead concentrations. A review paper by McLean and Bledsoe (1992) included
data which showed that lead concentrations in a calcareous soil was controlled by |ead-phosphate
compounds at lower pH and by mixed minerd phases a pH vaues exceeding 7.5. A study conducted
by Mattigod et al. (1986) indicated that the minerd leadhillite [Pb,SO,(CO3),(OH),] may bethe
soluhility controlling solid for lead in amine-waste contaminated oil.
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Table5.8. Lead agueous speciesincluded in the
Speciation calculations.

Aqueous Species

Pb?*

PbOH*, Pb(OH)(ag), Pb(OH);, Pb(OH)7
Pb,(OH)3, Pby(OH)3

PbCOj;(ag), Ph(CO5)2, POHCO},
PbSO,(aq), Pb(SO,)5
PONO},

PbCl*, PbCl;(aqg), PoCl, PoCR

PbF*, PbF,(aq), PbF;, PbF3
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Figure5.2. Cdculated distribution of lead agueous species as afunction of pH for the water
compostion in Table 5.1. [The species didtribution is based on a concentration
of 1 micro g/l total dissolved lead.]

Lead may also exist in soils as solid-solution phases. Solid solutions are defined as solid phasesin
which aminor dement will subgtitute for amgor dement in the minerd dructure. Depending on the
degree of subgtitution and the overdl solubility of the solid-solution phase, the equilibrium solubility of
the minor dement in the solid solution phase will be less than the solubility of the solid phase containing
only the minor element (pure phase). For ingance, lead may occur as aminor replacement in barite
[Bay,.PSO,], apatite [Cay.,,Ph,(PO,);OH], cdcite [Ca.,\Pb,CO,], and iron sulfides, [Fe;.\PocS]
(Driesens, 1986; Goldschmidt, 1954; Nriagu and Moore, 1984; Rickard and Nriagu, 1978).
Consequently, the equilibrium solubility of lead controlled by these phases will be less than the
concentrations controlled by corresponding pure phases, namey PbSO,, Pbs(PO,);OH, PbCO;, and

POS, respectively.
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Under reducing conditions, galena (PbS) may control the lead concentrationsin the environment.
Rickard and Nriagu (1978) cdculated that, within the pH range of 6-9, the equilibrium solubility of
gaenawould control total lead concentrations at levels less than gpproximately 10° M (<21 ng/l).
Therefore, if gdlenais present in asoil under reducing conditions, the aqueous concentrations of lead
will be controlled at extremely low concentrations.

5.5.5 Sorption/Desorption

Lead is known to adsorb onto soil congtituent surfaces such as clays, oxides, hydroxides,
oxyhydroxides, and organic matter. lon exchange reactions of lead on a number of clay minerds such
as montmorillonite, kaolinite, illite, and vermiculite have been sudied by a number of investigators.
These studies showed that lead was preferentialy adsorbed by exchange on clays, readily replacing
cacium and potassum (Bittel and Miller, 1974; Overstreet and Krishnamurthy, 1950). Studies
conducted by Lagerwerff and Brower (1973) on montmorillonitic, illitic, and kaolinitic soils confirmed
that lead would preferentialy exchange for cacium. Another clay minerd, vermiculite, is aso known to
exhibit very high ion exchange sdectivity for lead (Rickard and Nriagu, 1978). Based on a number of
studies Rickard and Nriagu (1978) aso concluded that beyond neutral pH, preci pitation reactions may
control lead concentrations in solution rather than ion exchange and adsorption reactions involving clay
minerd surfaces.

Experimentd data show that only hydrogen ions and unhydrolyzed auminum ions are capable of
displacing lead from exchange sites on clay minerds (Lagerwerff and Brower, 1974; Zimdahl and
Hasstt, 1977). Clay minerals dso differ in their exchange preference for leed. Bittel and Miller
(1974) showed that the exchange preference for lead varies in the sequence,

kaolinite > illite > montmorillonite.

These studies dso showed that, in neutra to high pH conditions, lead can preferentialy exchange for
cacium, potassum, and cadmium. Under low pH conditions, hydrogen ions and duminum ions would
displace lead from minerd exchange Sites.

Studies of lead adsorption on oxide, hydroxide, and oxyhydroxide mineras show that the substrate
properties, such as the specific surface and degree of crystdlinity, control the degree of adsorption
(Rickard and Nriagu, 1978). Experimenta data by Forbeset al. (1976) showed that goethite
(FeOOH) has higher adsorption affinity for lead than zinc, cobdt, and cadmium. Data show that
manganese-oxide minerals also adsorb lead ions (Rickard and Nriagu, 1978). These investigators
concluded that the high specificity of lead adsorption on oxide and hydroxide surfaces and the rdative
lack of desorbability (<10 percent) of adsorbed lead indicated that |ead upon adsorption forms solid
solutions with oxide or hydroxide surfaces. Therefore, thislack of revershility indicated thet the
reaction is not a true adsorption phenomenon.
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A number of sudies have confirmed that many naturd and synthetic organic materias adsorb leed.
Data showing significant correl ations between concentrations of organic matter and lead in soils indicate
that soil organic matter has a higher affinity for lead adsorption as compared soil minerds.

A number of lead adsorption studies on bulk soils indicate that the adsorption is strongly correlated with
pH and the CEC vaues of soils (Zimdahl and Hassett, 1977). A multiple regression andysis by

Hassett (1974) of lead adsorption data indicated that properties that affect CEC of soils, such as
organic matter content, clay content, and surface area, have a greater effect on lead adsorption than soil
pH. Theresults of anumber of studies of lead adsorption on a variety of soil and minera surfaces were
summarized by McLean and Bledsoe (1992). These data show that lead has very strong adsorption
affinity as compared to a number of first row trangtion metals (cobalt, nickel, copper, and zinc).
According to arecent study (Peters and Shem, 1992), the presence of very strong chelating organic
ligands dissolved in solution will reduce adsorption of lead onto soils. These data show that the
adsorption of lead in the environment isinfluenced by a number of factors such as the type and
properties of adsorbing substrate, pH, the concentrations of lead, and the type and concentrations of
other competing cations and complex forming inorganic and organic ligands.

5.5.6 Partition Coefficient, K,, Values
5.5.6.1 General Availability of K, Data

The review of lead K data reported in the literature for a number of soils (Appendix F) led to the
following important conclusions regarding the factors which influence lead adsorption on minerals and
soils! These principles were used to evaluate available quantitative data and generate alook-up table.
These conclusons are:

« Lead may precipitate in soilsif soluble concentrations exceed about 4 mg/l a pH 4 and about
0.2 mg/l a pH 8. In the presence of phosphate and chloride, these solubility limits may be as
low as0.3 mg/l a pH 4 and 0.001 mg/l & pH 8. Therefore, in experimentsin which
concentrations of lead exceed these vaues, the calculated K 4 values may reflect precipitation
reactions rather than adsorption reactions.

« Anionic congtituents such as phosphate, chloride, and carbonate are known to influence lead
reections in soils elther by precipitation of minerds of limited solubility or by reducing
adsorption through complex formation.

1 Since the completion of our review and andysis of K, data for the selected contaminants and

radionuclides, the studies by Azizian and Nelson (1998) and Y ong and MacDonad (1998) were
identified and may be of interest to the reader.
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~ A number of adsorption sudiesindicate that within the pH range of soils (4 to 11), lead
adsorption increases (as does precipitation) with increasing pH.

~  Adsorption of lead increases with increasing organic matter content of soils.

~  Increasing equilibrium solution concentrations correlates with decreasing lead adsorption
(decrease in Ky).

The factors which influence lead adsorption were identified from the following sources of data. A
description and assessment of these data are provided in Appendix F.  Lead adsorption behavior on
soils and soil congtituents (clays, oxides, hydroxides, oxyhydroxides, and organic matter) has been
studied extensively. However, caculations by Rickard and Nriagu (1978) show that the solution lead
concentrations used in a number of adsorption studies may be high enough to induce precipitation. For
ingance, their calculations show that lead may precipitate in soilsif soluble concentrations exceed about
4 mg/l a pH 4 and about 0.2 mg/l a pH 8. In the presence of phosphate and chloride, these solubility
limits may be aslow as 0.3 mg/l a pH 4 and 0.001 mg/l a pH 8. Therefore, in experimentsin which
concentrations of lead exceed these vaues, the calculated K, values may reflect precipitation reactions
rather than adsorption reactions.

Lead adsorption studies on manganese and iron oxides and oxyhydroxides indicate irreversible
adsorption which was attributed to the formation of solid solution phases (i.e., coprecipitation) (Forbes
et al., 1976; Grassdly and Hetenyi, 1971; Rickard and Nriagu, 1978). No correlations however have
been established between the type and content of oxidesin soil and the lead adsorption characteristics
of soil.

Anionic condtituents such as phosphate, chloride, and carbonate are known to influence lead reactions
in soils either by precipitation of mineras of limited solubility or by reducing adsorption through complex
formation (Rickard and Nriagu, 1978). Presence of synthetic chelating ligands, such asEDTA, has
been shown to reduce lead adsorption on soils (Peters and Shem, 1992). These investigators showed
that the presence of strongly chelating EDTA in concentrations as low as 0.01 M reduced K for lead
by about 3 orders of magnitude. By comparison quantitetive datais lacking on the effects of more
common inorganic ligands (phosphate, chloride, and carbonate) on lead adsorption on soils.

A number of adsorption studies indicate that within the pH range of soils (4 to 11), lead adsorption
increases with increasing pH (Braids et al., 1972; Bittel and Miller, 1974; Griffin and Shimp, 1976;
Hgi-Djafari et al., 1981; Hildebrand and Blum, 1974; Overstreet and Krishamurthy, 1950; Scrudato
and Egtes, 1975; Zimdahl and Hassett, 1977). Griffin and Shimp (1976) dso noted that clay minerds
adsorbing increasing amounts of lead with increasing pH may aso be attributed to the formation of lead
carbonate preci pitates which was observed when the solution pH values exceeded 5 or 6.
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Solid organic matter such as humic materid in soilsis known to adsorb lead (Rickard and Nriagu,
1978; Zimdahl and Hassett, 1977). Additionaly, soluble organic matter such as fulvates and amino
acids are known to chelate soluble lead and affect its adsorption on soils (Rickard and Nriagu, 1978).
Correlative relationships between the organic matter content of soils and its effect on lead adsorption
have been established by Gerritse et al. (1982) and Soldatini et al. (1976).

Lead adsorption by a subsurface soil sample from Hanford, Washington was investigated by Rhoads et
al. (1992). Adsorption data from these experiments showed that K4 vaues increased with decreasing
lead concentrationsin solution (from 0.2 mg/l to 0.0062 mg/l).

5.5.6.2 K, Look-Up Tables

Among dl available data, Gerritse et d (1982) obtained adsorption data at lead concentrations (0.0001
- 0.01 mg/l) which apparently precluded precipitation reactions. Also, these concentrations are within
the range of lead concentrations most frequently encountered in ground waters (Chow, 1978).
Additiondly, data obtained by Rhoads et al. (1992) indicated that K, values vary log-linearly asa
function of equilibrium lead concentrations within the range of 0.00001 to 0.2 mg/l. The data generated
by Gerritse et al. (1982) and Rhoads et al. (1992) were used to develop alook-up table (Table 5.9)
of Ky asafunction of soil pH and equilibrium lead concentrations.

55.6.2.1 Limitsof K4 Vaueswith Respect to pH
The pH ranges in the look-up table (Table 5.9) were sdected from the rate of change that we noted in
the K4 data as afunction of pH. The K, vaueswithin this pH range increase with increasing pH, and
are gregtest at the maximum pH limit (pH=11) of soils.

Table5.9. Edimated range of K, vauesfor lead as afunction of soil pH, and
equilibrium lead concentrations.

Equilibrium Lead Soil pH
Concentration (micro
g/) K4 (ml/g) 40-6.3 6.4-8.7 8.8-11.0

Minimum 940 4,360 11,520

0.1-09
Maximum 8,650 23,270 44,580
Minimum 420 1,950 5,160

1.0-99
Maximum 4,000 10,760 20,620

10-99.9 Minimum 190 900 2,380
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Maximum 1,850 4,970 9,530

Minimum 150 710 1,880
100 - 200

Maximum 860 2,300 4,410

55.6.2.2 Limitsof K4 Vaueswith Respect to Equilibrium Lead Concentrations

The limits of equilibrium lead concentrations (0.0001 mg/l to about 0.2 mg/l) were sdected based on
the experimenta data generated by Gerritse et al. (1982) and Rhoads et al. (1992). These
investigators showed that within the range of initid lead concentrations used in thelr experiments the
principa lead remova reaction from solution was adsorption and not precipitation. Four concentration
ranges were selected to develop the K values.

5.6 Plutonium Geochemistry and K, Values

5.6.1 Overview: Important Agueous- and Solid-Phase Parameters
Controlling Retardation

In the ranges of pH and conditions typicaly encountered in the environment, plutonium can exist in dl

4 oxidation gtates, namey +3, 4, +5, and +6. Under oxidizing conditions, Pu(1V), Pu(V), and Pu(V1)
are common, whereas, under reducing conditions, Pu(l11) and Pu(1V) would exist. Dissolved plutonium
forms very strong hydroxy-carbonate mixed ligand complexes, therefore, its adsorption and mobility is
strongly affected by these complex species. Under conditions of low pH and high concentrations of
dissolved organic carbon, it gppears that plutonium-organic complexes may be control adsorption and
mohility of plutonium in the environment.

If plutonium is present as adistinct solid phase (amorphous or partly crystdline PuO,-xH,O) or as a
solid solution, the upper limits of agueous plutonium concentrations would be in the 1022 to 10° M
range. Dissolved plutonium in the environment istypicaly present a <10° M levelsindicating that
adsorption may be the principa phenomenon that regulates the mobility of this actinide.

Putonium can adsorb on geologic materid from low to extremely high affinities with K vaues ranging
from 11 to 300,000 ml/g. Plutonium in the higher oxidation state adsorbed on iron oxide surfaces may
be reduced to the tetravaent state by Fe(l1) present in the iron oxides.

Two factors that influence the mohilization of adsorbed plutonium under environmenta pH conditions
(>7) are the concentrations of dissolved carbonate and hydroxyl ions. Both these ligands form very
strong mixed ligand complexes with plutonium, resulting in desorption and increased mohility in the
environmen.

5.6.2 General Geochemistry
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Plutonium is produced by fissoning uranium fud and is used in the congtruction of nuclear wegpons.
Plutonium has entered the environment ether through accidenta releases or through disposa of wastes
generated during fuel processing and the production and detonation of nuclear wegpons. Plutonium has
15 isotopes, but only 4 of these isotopes namely, 28Pu [t., (hdlf life) = 86 y], 2°Pu (t,, = 24,400 y),
20py (t,, = 6,580 y), 2'Pu (t,, = 13.2 y), are of environmental concern due to their abundances and
long-hdf lives

In the range of pH and redox conditions typicaly encountered in the environment, plutonium can exist in
4 oxidation gtates, namely +3, +4, +5, and +6 (Allard and Rydberg, 1983). Plutonium oxidation States
are influenced by factors such as pH, presence of complexants and reductants, radiolysis, and
temperature (Choppin, 1983). Observations indicate that under very low plutonium concentrations and
oxidizing environmenta conditions, the disproportionation' reactions of plutonium are not significant
(Cleveland, 1979). Under reducing conditions, Pu(l11) species would be dominant up to pH vaues
gpproaching about 8.5, beyond which the Pu(1V) species are known to be the dominant species.
However, under oxidizing conditions and a pH vaues greater than 4.0, plutonium can exist in +4,+5,
and +6 oxidation states (Keeney-Kennicutt and Morse, 1985). A number of investigators believe that
under oxidizing conditions, the +5 state to be the dominant redox state (Aston, 1980; Bondietti and
Trabaka, 1980; Nelson and Orlandini, 1979; Rai et al., 1980b).

Of the contaminated sites considered in EPA/DOE/NRC (1993), radioactive contamination by 8Py,
2%9py, and/or 2*°Pu has been identified a 9 of the 45 Superfund Nationd Priorities List (NPL) sites.
The reported contamination includes airborne particulates, plutonium-containing soils, and plutonium
dissolved in surface- and groundwaeters.

5.6.3 Aqueous Speciation
Dissolved plutonium forms complexes with various inorganic ligands such as hydroxyl, carbonate,

nitrate, sulfate, phogphate, chloride, bromide, and fluoride; with many naturaly occurring organic
ligands such as acetate, citrate, formate, fulvate, humeate, lactate, oxadate, and tartrate; and with

! Disproportionation is a chemica reaction in which a single compound serves as both oxidizing and
reducing agent and is thereby converted into more oxidized and amore reduced derivatives (Sax and
Lewis, 1987). For the reaction to occur, conditions in the system must be temporarily changed to favor
this reaction (specificaly, the primary energy barrier to the reaction must be lowered). Thisis
accomplished by a number of ways, such as adding heat or microbes, or by radiolysis occurring.
Examples of plutonium disproportionation reactions are:

3Pu* + 2H,0 = 2Pu** + PuO3" +4H"
3PuO% + 4H" = Pu** +2PuO3" +2H,0.
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synthetic organic ligands such as EDTA and 8-hydroxyquinoline derivatives (Clevdand, 1979).
Plutonium(1V) hydrolyzes more reedily than al other redox species of plutonium (Baes and Mesmer,
1976). Theorder of hydrolysis of plutonium redox species follows the sequence

Pu(1V) > Pu(ll1) > Pu(V1) > Pu(V)

(Choppin, 1983). Plutonium hydrolytic species may have up to 4 coordinated hydroxyls.

The tendency of plutonium in various oxidation states to form complexes depends on the ionic potentia
defined astheratio (z/r) of the formd charge (2) to the ionic radius (r) of anion. Among plutonium
redox species, Pu(lV) exhibits the highest ionic potentia and therefore forms the strongest complexes
with various ligands. Based on the equilibrium constants (K ; ,es) for the plutonium complexation
reactions, ligands, such as chloride and nitrate, form weak complexes (Iog K e Of 1 t0 2) with
plutonium, whereas fluoride, sulfate, phosphate, citrate, and oxalate form stronger complexes

(log K/ 595 Of 6 t0 30). Among the strongest complexes of plutonium are the hydroxy-carbonate mixed
ligand complexes [e.g., Pu(OH),(CO,)3] (Tait et al., 1995; Y amaguchi et al., 1994). Additionaly,
dissolved organic matter (fulvic and humic materid) may aso form complexes with plutonium.  Although
the nature of these complexes and their stability constants have not been fully characterized, it is
believed that humic complexes of plutonium may be the dominant soluble speciesin natura
environments at lower pH (below 5 to 6) vaues (Allard and Rydberg, 1983).

Because dissolved plutonium can exist in multiple redox states and form hydrolytic and complex species
in solution, it is useful to assess the probable dominant plutonium aqueous species that may exist in
typica ground water. Therefore, the agueous speciation of dissolved plutonium was calculated as a
function of pH using the MINTEQA 2 code and a concentration of 3.2x10°° mg/l (1.36x10°° M) total
dissolved plutonium. This concentration is based on the maximum activity of 23%24°Py measured by
Simpson et al. (1984) in 33 water samples taken from the highly adkaline Mono Lake in Cdifornia
The species digtribution was cdculated assuming that multiple plutonium vaence states might be present
basaed on thermodynamic equilibrium consderations. This caculation is dependent on redox conditions
aswell asthe pH and compostion of the water. Therefore, a set of oxic conditions that might be
associated with surface or near-surface disposd facilities or contaminated sites were selected for these
illugtrative caculations. These redox conditions are based on an experimentally determined pH/Eh
relationship described in Lindsay (1979) for suspensions of sandy loam and distilled water. 1n aseries
of acid and base titrations, the pH/Eh response of the soil/water suspension was determined to vary
according to the equation

pe + pH =15.23 (5.2

where pe = negdive log of the ectron activity.*

1 The dectron activity is defined as unity for the standard hydrogen electrode.
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The peisrelated to Eh by the equation
pe=(2.303RT/ F) pe (5.2

where R = universa gas constant (1.9872 cal/mol-K)
T = temperaturein degreeskelvin
F = Faraday congtant (96,487 coulombs/equivaent).

At 25.0°C (298 K),
Eh(mV) =5.92 pe (5.3

Using Equations 5.1 and 5.3, an Eh value was cdculated for each pH vaue used as an input for the
MINTEQAZ caculations of plutonium agueous speciation. The plutonium aqueous species that were
included in the computation scheme are tabulated in Table 5.10. Thermodynamic data for these
gpecies were taken primarily from Lemire and Tremaine (1980) and other secondary sources and
database modifications described by Krupka and Serne (1996).

Reaults are plotted as a species didtribution diagram (Figure 5.3). The data show that, under very low
pH (=3 - 3.5) conditions, PuF3* and PuO? are the dominant species of plutonium. The freeionic
species, PUO?, gppears to be the dominant form within the pH range of 4 to 5. Within the pH range of
5.5 t0 6.5, the main species of plutonium appear to be PuO%, and Pu(OH),(CO5)3, with minor species
being the neutral hydrolytic species Pu(OH),(ag) and the phosphate complex Pu(HPO,);. At pH
vaues exceeding 6.5, the bulk of the dissolved plutonium (~90 percent) would be comprised of the
Pu(OH),(CO,)3 species with aminor percentage of Pu(OH),(ag). Theseillustrative computations
indicate that, under pH conditions that typicdly exist in surface and groundweters (>6.5), the dominant
form of dissolved plutonium would be the tetravalent complex species, Pu(OH),(CO5)3.

Polymeric species of plutonium may not occur under environmental conditions because the total
plutonium concentrations in nature are at least 7 orders of magnitude less than the concentrations
required for the formation of such species (Choppin, 1983). It isimportant to note that the speciation
of plutonium would change significantly with changing redox conditions, pH, the types and totd
concentrations of complexing ligands and mgor cationic congtituents.

5.6.4 Dissolution/Precipitation/Coprecipitation

Allard and Rydberg (1983) cdculated that the aqueous concentrations of plutonium in nature may be
controlled by the solubility of the solid phase PuO,-xH,O. Many observations show that plutonium
associated with soils and particulate organic matter is present in tetravaent oxidation state (Nelson and
Lovett, 1980; Nelson et al., 1987; Silver, 1983). Calculations by Allard and Rydberg (1983) based
on available thermodynamic data show that, under reducing conditions, the solubility of dissolved
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plutonium would be limited by the solid phase PUO, at pH values greater than 8, and by the solid phase
Pu,(CO;), of trivaent plutonium at lower pH values.
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Table 5.10. Plutonium agueous species included in the speciation calculations.

Redox .
State Aqueous Species
Pu(l) PU**, PUOH?*, Pu(OH)3, Pu(OH)3(aq)
PUCO3, Pu(COy);, Pu(CO,)3
PlJSO+, PU(SO4)2
PuH,POZ*, PUCP*
Pu(lV) Pu**, PUOH®*, Pu(OH)3*, PU(OH);, Pu(OH);(aq)
PU(OH),(COy)3, Pu(OH),(CO5)5
PUSO}", Pu(S0O,)3(aq), PUHPO;", PU(HPO,),(a0),
PU(HPO,)5, PUHPO,)}
PUCP*, PUF®*, PuF3*, PuF3, PuF,(ag)
Pu(V) PuO%, PuO,OH"(ag), (PuO,),0H*
Pu(Vv1) PuO3* PUO,OH*, PUO,(OH);(aq),

PUO,(OH);, (PuO,),(OH)5", (PuO,)5(OH):
PUO,CO3(ag), PUO,(CO3)5, PUO,(CO,)5
PUO,CI*, PUO,F*, PUO,F;(a), PUO,F;, PUO,FZ

PuO,S0(a0), PuO,H,PO;,
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Figure5.3. Cdculated digribution of plutonium agueous species as a function of pH for the water
composition in Table5.1. [The species distribution is based on a concentration of
3.2x 10 mg/l (1.36 x 10" M) tota dissolved plutonium.]

Laboratory studies conducted by Rai et al. (1980a), Delegard (1987), and Y amaguchi et al. (1994)
indicated that a freshly precipitated amorphous PuO,-xH,O phase controls the equilibrium solubility of
plutonium. Solubility on aged precipitates by Rai et al. (1980a) and Delegard (1987) also showed that
equilibrium plutonium concentrations would be controlled by a partidly crysalized PuO,-xH,O phase
at concentrations about 2 orders of magnitude less than that of amorphous PuO,-xH,O. Therefore,
under oxidizing conditions, amorphous PuO,-xH,0O, if present in soils, may control soluble plutonium
concentrations near 108 M. Under dkaline conditions with high dissolved carbonate concentrations,
dissolved plutonium concentrations may increase to micromolar levels. When dissolved carbonateis
not present, PUO,-xH,O may control plutonium concentrations at about 10° M (Rai et al., 19804a).
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5.6.5 Sorption/Desorption

Plutonium is known to adsorb onto soil components such as clays, oxides, hydroxides, oxyhydroxides,
auminoglicates and organic matter. Depending on the properties of the subgtrate, pH, and the
compodition of solution, plutonium would adsorb with affinities varying from low (K4 = 11 ml/g) to
extremdy high (K4 = 300,000 mi/g) (Baes and Sharp, 1983; Coughtrey et al., 1985; Thibault et al .,
1990).

A number of studies indicate that iron hydroxides adsorb and reduce penta- and hexavadent plutonium
to itstetravaent state a the solid surface. Experimenta data showed that tetra- and pentavaent
plutonium aqueous species oxidize to hexavaent form upon adsorption onto manganese dioxide
surfaces whereas, pentavaent plutonium adsorbed on goethite disproportionate into tetra and
hexavdent forms (Keeney-Kennicutt and Morse, 1985). Subsequently, the hexavaent form of
plutonium was observed to have been reduced to tetravaent state. Additionaly, these reactions were
found to occur faster under light conditions than under dark conditions suggesting photochemical
catalysis of adsorbed plutonium redox change reactions.

Laboratory studies have indicated that increasing carbonate concentrations decreased adsorption of
tetra- and pentavadent plutonium on goethite surfaces (Sanchez et al., 1985). Phenomenon smilar to
the reduction and suppression of plutonium adsorption in the presence of carbonate ions have aso been
observed for other actinides which aso form strong hydroxy-carbonate mixed ligand agueous species.
These data suggest that plutonium would be most mobile in high pH carbonate-rich groundwaters.

Some studies indicate that the mass of plutonium retarded by soil may not be easily desorbed from soil
mineral components. For example, Bunzl et al. (1995) studied the association of 2%*2°Py from global
falout with various soil components. They determined the fractions of plutonium present as reedily
exchangeable, bound to carbonates, bound to iron and manganese oxides, bound to organic matter,
and residua minerds. For soils a their sudy ste in Germany, the resultsindicated that 30-40 y after
deposition of the plutonium, the readily exchangeable fraction of plutonium was less than 1 percent.
More than 57 percent of the plutonium was sorbed to organic matter and a considerable mass sorbed
to the oxide and minerd fractions.
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5.6.6 Partition Coefficient, K, Values
5.6.6.1 General Availability of Ky Data

A number of sudies have focused on the adsorption behavior of plutonium on minerds, soils, and other
geologicd materids! A review of datafrom diverse sources of literature indicated that K, values for
plutonium typicaly range over 4 orders of magnitude (Thibault et al., 1990). Also, based on areview
of these data, a number of factors which influence the adsorption behavior of plutonium have been
identified. These factors and their effects on plutonium adsorption on soils were used as the basis for
generating alook-up table. Thesefactorsare:

~  Typicdly, in many experiments, the oxidation state of plutonium in solution was not determined
or controlled. Therefore it would be ingppropriate to compare the K4 data obtained from
different investigations.

~ Innaturd systemswith organic carbon concentrations exceeding ~10 mg/kg, plutonium exists
mainly in trivdent and tetravalent redox states. If initia plutonium concentrations exceed ~10”
M, the measured K4 values would reflect mainly precipitation reactions and not adsorption
reactions.

~  Adsorption data show that the presence of ligands influence plutonium adsorption onto soils.
Increasing concentrations of ligands decrease plutonium adsorption.

~ If no complexing ligands are present plutonium adsorption increases with increasing pH
(between 5.5 and 9.0).

~  Plutonium is known to adsorb onto soil components such as duminum and iron oxides,
hydroxides, oxyhydroxides, and clay minerals. However, the relationship between the amounts
of these components in soils and the measured adsorption of plutonium has not been quantified.

The factors which influence plutonium adsorption were identified from the following sources of data. A
description and assessment of these data are provided in Appendix G. Because plutonium in nature
can exig in multiple oxidation states (111, 1V, V, and V1), soil redox potentia would influence the Pu
redox state and its adsorption on soils. However, our literature review found no plutonium adsorption
sudies which included soil redox potential as avariable. Studies conducted by Nelson et al. (1987)
and Choppin and Morse (1987) indicated that the oxidation state of dissolved plutonium under natural

1 Since the completion of our review and andysis of K, data for the selected contaminants and

radionuclides, the studies by Duff et al. (1999) and Fisher et al. (1999) were identified and may be of
interest to the reader.

5.45



conditions depended on the colloidal organic carbon content in the system. Additiondly, Nelson et
(1987) dso showed that plutonium precipitation occurred if the solution concentration exceeded 107
M.

Plutonium complexation by ligands, such as acetate (Nishita, 1978; Rhodes, 1957), oxdate (Bensen,
1960), and fulvate (Bondietti et al., 1975), are known to reduce adsorption of plutonium. Studies of
suspended particles from naturd water systems also showed that increasing concentrations of dissolved
organic carbon decreased plutonium adsorption (Nelson et al., 1987). Experiments usng synthetic
ligands such as EDTA (1 mmol/l), DTPA (1 mmoal/l), and HEDTA (100 mmol/l) have shown that
plutonium adsorption onto soils was reduced due to complexing effects of these ligands (Delegard et
al., 1984; Relyeaand Brown, 1978). However, it is unlikely that such concentrations of these synthetic
ligandswould exist in soils. The effects of carbonate ions on Pu(1V) adsorption on goethite have been
quantified by Sanchez et al. (1985). They found that carbonate concentrations exceeding 100 mmol/l
sgnificantly reduced adsorption of Pu(1VV) on goethite. In contrast, under soil saturation extract
conditionsin which carbonate concentrations typicaly range from 0.1 to 6 mmol/l HCOy, Pu(1V)
adsorption appears to increase with increasing carbonate concentration (Glover et al., 1976).

Rhodes (1957) and Prout (1958) conducted studies of plutonium adsorption as a function of pH. Both
these studies indicated that Pu exhibited an adsorption maxima between pH values 6.5t0 8.5. These
data however are unrdliable because initia plutonium concentrations of 6.8x107 to 1x10° M used in
the experiments may have resulted in precipitation reactions thus confounding the observations.

Even though the adsorption behavior of plutonium on soil minerds such as glauconite (Evans, 1956),
montmorillonite (Billon, 1982; Bondietti et al., 1975), attgpulgite (Billon, 1982), and oxides,
hydroxides, and oxyhydroxides (Evans, 1956; Charyulu et al., 1991; Sanchez et al., 1985; Tamura,
1972; Ticknor, 1993; Van Daen et al., 1975) has been studied, correlative relationships between the
type and quantities of soil minerdsin soils and the overdl plutonium adsorption behavior of the soils
have not been established.

Plutonium adsorption data for 14 soils have been collected by Glover et al. (1976) dong with a
number of soil properties that included soil organic matter content. A multiple regression analyses of
these data showed that compared to other soil parameters such as clay mineral content, dissolved
carbonate concentration, dectrica conductivity and pH, soil organic matter was not a Sgnificant
vaiable.

These criteriawere used to evauate and sdect plutonium adsorption datain developing alook-up
table. Only 2 adsorption studies using soilsin which theinitial concentrations of Pu(1V) used were less
than the concentration that would trigger precipitation reactions. Barney (1984) conducted adsorption
experimentsin which initia plutonium concentrations of 10 to 10° M were used to examine plutonium
adsorption on to basdt interbed sediments from Hanford, Washington. Glover et al. (1976) conducted
aset of experiments using 108 M initid concentration to study the adsorption behavior of Pu(lV) on
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14 different soil samples from 7 DOE stes. A number of soil properties were dso measured thus
providing a basis to correlate the adsorption behavior with anumber of soil parameters. Thisisthe best
available data set for Pu(lV) adsorption on a number of well characterized soils therefore, it was used
to develop corrdative relationships and alook-up table for K vaues.

5.6.6.2 K, Look-Up Table

The look-up table for plutonium K values (Table 5.11) was generated using the a piece-wise
regresson model with clay content and dissolved carbonate as the independent variables (See
Appendix G for details).

5.6.6.2.1 Limitsof K, Vaueswith Respect to Clay Content

The clay contents of the soils used for developing the regression relationship ranged from 3 to 64
percent by weight. Therefore the range of clay contents for the look-up table was set between 0 and
70 percent. Extending the regression rlationship for high clay soils (>70 percent) would result in a
higher degree of uncertainty for predicted K, vaues. Clay contents of soils are typicaly measured as
part of textural andyss of soil. Clay content of asoil is defined as the mass of soil particles with
average paticlesizeof < 2microm.

Table5.11. Edimated range of K, vaues for plutonium as a function of the soluble
carbonate and soil clay content values.

Clay Content (wt.%)
0-30 31-50 51-70
Soluble Carbonate Soluble Carbonate Soluble Carbonate
(meg/l) (meg/l) (meg/l)
Kq4 (ml/g) 01-2 3-4 5-6 01-2 3-4 5-6 01-2 3-4 5-6
Minimum 5 80 130 380 1,440 | 2,010 620 1,860 | 2,440
Maximum 420 470 520 1,560 2,130 2,700 1,980 2,550 3,130
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5.6.6.2.2 Limitsof K4 Vaueswith Respect to Dissolved Carbonate Concentrations

The dissolved carbonate content of the soils used for the regression rel ationships ranged from about 0.1
to 6 meg/l (0.1 to 6 mmol/l of HCOy'). The dissolved carbonate values were measured on saturation
extracts obtained from these soils. The standard procedure for obtaining saturation extracts from soils
has been described by Rhoades (1996). The saturation extracts are obtained by saturating and
equilibrating the soil with didtilled water followed by vacuum filtration to collect the extract. Saturation
extracts are usudly used to determine the pH, the eectrical conductivity, and dissolved sdtsin soils.

For soils with pH valuesless than 8.5, the saturation extracts typically contain less than 8 mmoal/l of
dissolved carbonate (Richards, 1954).

The regression relationship indicates that within the range of 0.1 to 6 mmol/l of dissolved carbonate, the
K 4 vaues increase with increasing dissolved carbonate values. Adsorption experiments conducted by
Sanchez et al. (1985) showed however that very high concentrations (100 to 1,000 meg/l) of dissolved
carbonate in matrix solution decreases Pu adsorption on goethite. The dissolved carbonates in soil
saturation extracts are 3 to 4 orders of magnitude less than the concentrations used in experiments by
Sanchez et al. (1985). The databy Glover et al. (1976) show that within very low concentration
range of dissolved carbonate (0.1 to 6 mmol/l ) found soil saturation extracts, K, vauesfor Pu increase
asafunction of dissolved carbonate. This correlation may be Strictly serendipitous and amore likely
variable that would lead to an increased K, would be increasing pH.

5.7 Radon Geochemistry and K, Values

5.7.1 Overview. Important Agueous- and Solid-Phase Parameters
Controlling Retardation

The migration of radon, an inert gas, in soil/water systemsis not affected itsdf by agueous speciation,
preci pitation/dissol ution, or adsorption/desorption processes. Therefore, the mobility of radon is not
affected by issues associated with the selection of gppropriate “adsorption” K vaues for modding
contaminant trangport and risks in soil /water systems. Radon is soluble in water, and the hydrostatic
pressure on ground water below the water table is sufficient to keep dissolved radon in solution.

The generation of radon is however affected by the concentrations of its parent e ements which, dong
with radon’ s decay products, are of regulatory concern. Because aqueous speciation,

preci pitation/dissolution, or adsorption/desorption processes can affect the movement of radon’s
parents and decay productsin soils, these processes should be considered when modeling contaminant
trangport in atotd environmenta system, including air transport pathways.
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5.7.2 General Geochemistry

Radon isacolorless, odorless, essentidly inert gas. All radon isotopes are radioactive. The longest-
lived isotope of radon is 22Rn which has ahdf life (t.,) of 3.8 d. The main hedth risk isfrom inhdation
of radon gas and its daughter products which are usualy adsorbed on dust in the air. Detailed
descriptions of the geologic controls, migration, and detection of radon have been included in published
proceedings such as Graves (1987), Gesdll and Lowder (1980), and elsewhere. Of the 45 Superfund
Nationd Priorities List (NPL) Sites consdered in EPA/DOE/NRC (1993), radioactive contamination of
air, soil, surface water, and/or groundwater by 2°Rn and/or 2°Rn has been identified at 23 Sites.

Twenty isotopes of radon are known (Weast and Astle, 1980). Environmental radon contamination
typically results from radioactive decay of isotopesin the uranium-thorium series. These include the
formation of:

+  22Rn by dpha decay from ?®Rain the 22U decay series
«  22Rn (t,,=54 sec) by aphadecay from 2*Rain the 22Th decay series
«  2%Rn (t,,=3.9 se0) by aphadecay from ??°Rain the 28U decay series.

Thefina, stable daughter products in these 3 decay series are 2°Ph, 2%Ph, and 2°’Ph, respectively.

Some noble gases (i.e., krypton, xenon, and radon) have very limited chemicd reactivity with other
edements. The chemicd reectivity of radon is difficult to assess because of its short hdf life.

Geologic and hydrogeol ogic processes that might influence radon mobility are discussed in detail by
Tanner (1980). Asan inert gas, radon is not immobilized by precipitation processes along migration
pathways. According to data cited by Tanner (1980), theratio (i.e., solubility didribution coefficient)
of 2Rn in awater phase to that in a gas phase ranges from 0.52 at 0'C to 0.16 at 40 'C. Thisraio
has been used, for example, for the solubility of radon in water in mathematical modes designed to
cdculae radon diffusion coefficientsin soils (e.g., Nidson et al., 1984). The solubility of radon in
organic liquidsis greater than thet in water.

5.7.3 Aqueous Speciation
The existence of radon agueous species was not identified in any of the references reviewed for this
study. Given the inertness of radon and the short hdf life (t,,=3.8 d) for 2Rn, agueous speciation and
complexation of dissolved radon would not be expected to be important.

However, as noted above, radon is soluble in water. The hydrostatic pressure on ground water below
the water table is sufficient to keep dissolved radon in solution. Above the water table, the radon
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present in vadose zone pore water will exsolve from solution, enter the vapor phase, and migrate as
part of the air through the open rock and soil pore spaces.

5.7.4 Dissolution/Precipitation/Coprecipitation

Because radon exists as a dissolved gas, dissolution/precipitation processes are not important relative
to the geochemica behavior of radon and its movement through agueous environments. These
processes are, however, important relative to the geochemical behavior of radon’s parent elements
(e.g., radium) and associated mechanisms by which the radon gas escapes from the solid phases into
ground- and soil waters.

Ramaand Moore (1984) studied the mechanism for the release of 22Rn and ?2°Rn from solid aquifer
materiad. They determined that radon and other decay products from the U-Th series were released by
apharecail* from the wals of nanometer-size poresin the aquifer solids. Radon diffused into the
intergranular water for release to the atmaosphere or decay to more long-lived products. These decay
products may in turn diffuse from the intergranular water and become adsorbed onto the wals of the
nanometer-size pores.

5.7.5 Adsorption/Desorption

Adsorption processes are not expected to be important relative to the geochemical behavior of
gaseous radon and its movement through agueous environments. The lack of importance of sorption
processes is aso supported by studies conducted at cryogenic temperatures (Tanner, 1980).
However, as noted by Tanner (1980), “ adsorption effects on the release of radon isotopes from
geologic materids have not been studied sufficiently to determine unambiguoudy whether they are an
important factor.”

5.7.6 Partition Coefficient, K, Values

Because adsorption processes are not important relative to the movement of gaseous radon through
aqueous environments, areview of K, values for radon was not conducted. Compilations, such as
Thibault et al. (1990), do not list any K, valuesfor radon. A Ky vaue of zero should be considered for
radon.

1 Alpharecoil refers to the displacement of an aom from its Structura position, asin aminerd, resulting
from radioactive decay of the release an dpha particle from its parent isotope (e.g., alpha decay of
222Rn from 2°Ra).
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5.8 Strontium Geochemistry and K, Values

5.8.1 Overview: Important Aqueous- and Solid-Phase Parameters
Controlling Retardation

Strontium in solution is expected to be predominantly present as the uncomplexed S ion. Only in
highly akaline soils could strontianite (S'*COs) control strontium concentrations in solutions. The extent
to which strontium partitions from the agueous phase to the solid phase is expected to be controlled
primarily by the CEC of the solid phase. In environments with a pH greater than 9 and dominated by
carbonates, coprecipitation with CaCO; and/or precipitation as SrCO; may become an increasingly
important mechanism controlling srontium remova from solution (Lefevre et al., 1993). A direct
correlaion between solution pH and strontium K has been reported (Prout, 1958; Rhodes, 1957).
Thistrend is likely the result of hydrogen ions competing with S+ for exchange sites and the resuilt of
pH increasing the CEC. Strontium K, vaues may decrease from 100 to 200 ml/g in low ionic strength
solutions to less than 5 ml/g in high ionic strength solutions (Routson et al., 1980). Caciumisan
important competing cation affecting *Sr K 4 values (Kokotov and Popova, 1962; Schulz, 1965). The
mogt important ancillary parameters affecting strontium K values are CEC, pH, and concentrations of
cacium and gable srontium.

5.8.2 General Geochemistry

Strontium exists in nature only in the +2 oxidation state. Theionic radius of S?*is 1.12 A, very
closeto that of Ca?* a 0.99 A (Faure and Powell, 1972). As such, strontium can behave chemically
asacadcium andog, subgtituting for cacium in the structure of anumber of minerds. Strontium has
4 naturally occurring isotopes: #Sr (0.55 percent), 8Sr (9.75 percent), 8Sr (6.96 percent), and 8Sr
(82.74 percent). The other radioisotopes of strontium are between #°Sr and **Sr. Only *°S [hdf life
(t,,) = 28.1y], afisson product, is of concern in waste disposal operations and environmental
contaminaion. The radionuclide %°Sr dso is obtained in high yield, but the half-life istoo short (t,,
=52 d) to create a perastent environmentd or disposa problem. Because of atmospheric testing of
nuclear weapons, S is digtributed widdly in nature. The average *°Sr activity in soilsin the United
States is gpproximately 100 mCi/mi2. Asacacium analog, *°Sr tends to accumulate in bone
(UNSCEAR, 1982).

Contamination includes airborne particulates, strontium-containing soils and strontium dissolved in
surface- and groundwaters. Of the contaminated sites consdered in EPA/DOE/NRC (1993),
radioactive contamination by *°Sr has been identified at 11 of the 45 Superfund Nationa Priorities List
(NPL).

5.8.3 Aqueous Speciation
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Thereislittle tendency for strontium to form complexes with inorganic ligands (Faure and Powell,
1972). The solubility of the free S?* ionisnot greatly affected by the presence of most inorganic
anions. Dissolved strontium forms only weak agueous complexes with carbonate, sulfate, chloride, and
nitrate. For example, 1zrad and Rovinskii (1970) used eectrodiaysisto study the chemica Sate of
grontium leached by groundwater from rubble produced in anuclear exploson. They found that 100
percent of the strontium existed as uncomplexed Sr?*, with no colloida or anionic strontium presant in
the leechate. Stevenson and Fitch (1986) concluded that strontium should not form strong complexes
with fulvic or humic acids based on the assumptions that strontium would exhibit Smilar sability with
organic ligands as calcium and that strontium could not effectively compete with calcium for exchange
Sites because calcium would be present a much greater concentrations. Thus, organic and inorganic
complexation is not likely to greetly affect strontium speciation in natural groundwaters.

Species didtribution of strontium was calculated using the water composition described in Table 5.1 and
aconcentration of 0.11 mg/l tota dissolved strontium. Hem (1985, p. 135) lists this value as amedian
concentration of dissolved strontium for larger United States public water supplies based on andyses
from Skougstad and Horr (1963). The strontium agueous species included in the speciation
cdculations arelisted in Table 5.12. These MINTEQA2 calculations support the contention that
grontium will exist in groundwaters predominantly as the uncomplexed S?* ion. The S ion
dominates the strontium speciation throughout the pH range of 3 to 10. Between pH 3 and 8.5, the
Sr?* species conditutes gpproximately 98 percent of the total dissolved strontium. The remaining 2
percent is composed of the neutral species SrSO,(aq). Between pH 9 and 10, SrCO;(ag) is
caculated to be between 2 and 12 percent of the tota dissolved strontium. Asthe pH increases above
9, the SrCO;(ag) complex becomes increasingly important.  The species distribution for strontium
does not change if the concentration of total dissolved cadmium isincreased from 1 to 1,000 micro g/l.

5.8.4 Dissolution/Precipitation/Coprecipitation

Strontium is an dkdine-earth dement, which aso indudes beryllium, magnesum, cacium, strontium,
barium and radium, and can form amilar solid phases as cdcium. For ingdance, the 2 most prevaent
grontium mineras, cdestite (SrSO,) and strontianite (SrCO;), have calcium counterparts, anhydrite
(Cas0,), and cdcite (CaCO;). Inan acidic environment, most of the strontium solids will be highly
soluble, and, if the activity of S* in solution exceeds approximately 10 mol/l, celestite may precipitate
to form a stable phase. However, in akaine conditions, strontianite would be the stable solid phase
and could control strontium concentrationsin soil solutions. However, the dissolved strontium
concentrations in most natura waters are generaly well below the solubility limit of strontium-containing
minerads.
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Table5.12. Strontium aqueous speciesincluded in the speciation caculations.

Aqueous Species

Sr?*, SrOH*
SrCO;(an), SrSO,(an), SINO3
SrCl, SrF*

SrPO;, StHPO,(aq), SrH,PO3;, SrP,0%

Because drontium generdly exigsin nature at much lower concentration than cdcium, it commonly
does not form pure phases (Faure and Powell, 1972). Instead it forms coprecipitates (solid solutions)
with cacite and anhydrite. Cdcite can alow the subdtitution of severd hundred parts per million
grontium before there is any tendency for strontianite to form. Strontium can aso coprecipitate with
barium to form (Bay;..,Sr,) SO, in more-alkaline environments (Ainsworth and Ral, 1987, Felmy et al.,
1993).

5.8.5 Adsorption/Desorption
A great ded of research has been directed at understanding and measuring the extent to which
strontium adsorbs to soils [reviewed by Ames and Ral (1978) and Strenge and Peterson (1989)]. The

primary motivation for this research is the need to understand the environmenta fate and mobility of
05, particularly asit rlates to site remediation and risk assessment. The mechanism by which
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grontium partitions from the dissolved phase to the solid phase at pH vauesless than 9 is commonly
believed to be cation exchange! (Ames and Rai, 1978; Lefevre et al., 1993; McHenry, 1958).

Among the most important environmenta parameters affecting the magnitude of a strontium K vdueis
the soil CEC (Amesand Rai, 1978; Lefevre et al., 1993; McHenry, 1958). Thisfinding is consstent
with cation exchange proposed as the mechanism generdly controlling strontium adsorption. The
results of Serne and LeGore (1996) dso indicate that strontium adsorption is largely controlled by
cation exchange. They reported that *°Sr adsorption was reversible; that is, strontium could be easily
desorbed (exchanged) from the surfaces of soils. Natura soils that had been in contact with *°Sr for
approximate 27 y could be leached of adsorbed * S as readily as Smilar soils containing recently
adsorbed strontium, indicating that *°Sr does not become more recal citrant to leaching with time.
Furthermore, these studies suggested that cation exchange, and not (co)precipitation, was responsible
for S sorption because the latter would leach at a much slower rate.

Some studies indicate that a fraction of some *Sr sorbed to soil components may not be readily
exchanged [seereview in Brady et al. (1999)]. For example, Schulz and Riedd (1961) studied the
influence of aging on the sorption of carrier-free ®°Sr into nonexchangeable forms by three soils. They
obsarved that less than 10% of the tota applied carrier-free ®°Sr was not easily exchanged which they
attributed to adsorption onto solid-phase carbonates or phosphates. A study by Wiklander (1964)
indicated that after 4y, only 90 percent of the ®*Sr added to the soil could be displaced by repeated
acidic ammonium acetate (pH 4.6) extractions. Wiklander proposed that the retention of *Sr was due
to strontium subgtituting for calcium into or adsorbing onto calcium-bearing mineras. Studies by
Roberts and Menzdl (1961) and Taylor (1968) showed that as much as 50% of the *°Sr in some acidic
soils was not readily exchangeable. 1n sediments sampled from the White Oak Creek watershed a
DOE’s Oak Ridge Site, Cerling and Spalding (1982) determined that the majority of the ®°Sr present in
the sediments was weekly adsorbed and exchangeable, but substantia mass was fixed in the sediments.
They found that gpproximately 80-90 percent of *°Sr present in these sediments was extracted by
warm 1IN NaCl or NH,OAC solutions and quantitative extraction required hot 8 N nitric acid.

Some important ancillary soil propertiesinclude the naturd strontium and cacium concentrations in the
agueous and solid phases (Kokotov and Popova, 1962; Schulz, 1965), mineralogy (Ames and Ral,

1 Cation exchange is areversible adsorption reaction in which an agueous species exchanges with an
adsorbed species. Cation exchange reactions are gpproximately stoichiometric and can be written, for
example, as

Cax(9) + PSr?*(ag) = ©SrX(s) + Ca?* (ag)

where X designates an exchange surface ste. Adsorption phenomena are discussed in more detail in
Volume | of this report.
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1978), pH (Juo and Barber, 1970; Prout, 1958; Rhodes, 1957), and solution ionic strength (Rhodes,
1957; Routson et al., 1980). Numerous studies have been conducted to elucidate the effects of
competing cations on strontium adsorption [reviewed by Ames and Rai (1978) and Strenge and
Peterson (1989)]. These experiments consistently show that, on an equivaence bas's, strontium will
dominate most Group 1A and 1B dements (dkdine and akaline earth eements) in competition for
exchange Sites.

A ranking of the most common groundwater cations by their ability to displace strontium from an
exchange gteis

Stable Sr > Ca> Mg> K > NH,> Na (5.9

(Kokotov and Popova, 1962). Cacium exigs in groundwaters at concentrations typicaly 2 orders of
magnitude greater than stable strontium and typicaly more than 12 orders of magnitude greater than
95 (Table 5.1). Conseguently, mass action would improve the likelihood of calcium out competing
95 for exchange sites.

Rhodes (1957) showed the effect of solution pH and ionic strength on the adsorption of strontium on
s0ils containing carbonate mineras and montmorillonite. The pH of the system was adjusted with
NaOH or HCI and the ionic strength was adjusted by adding 4 M NaNO;. For adilute solution, the
grontium K increased from 5 ml/g at pH 6 to 10 ml/g a pH 8, and 120 ml/g at pH 10. Above pH 10,
strontium adsorption began to leve off, and the sodium added in the NaOH used for pH adjustment
began to compete for exchange steswith the strontium. In 4 M NaNO; (en extremely high ionic
strength solution with respect to natura environments), strontium adsorption was much less affected by
pH. At pH 8, for example, the strontium K was about 5 ml/g and increased to about 10 ml/g at pH
10. Usng kaolinitic soils from South Carolina, Prout (1958) reported very smilar pH and ionic
strength effects as Rhodes (1957). A maximum strontium adsorption was reached a about pH 10,
dthough this maximum was much higher (K4 = 700 to 800 ml/g) than that reported by Rhodes (1957).
Prout (1958) dso reported only adight pH effect on strontium K vauesin high ionic strength
solutions. Rhodes (1957) and Prout (1958) reported that increases in ionic strength resulted in lower
grontium K, vaues.

5.8.6 Partition Coefficient, K, Values

5.8.6.1 General Availability of Ky Data
Two amplifying assumptions underlying the selection of strontium Ky valuesincluded in the look-up
table were made. Strontium adsorption: (1) occurs by cation exchange, and (2) follows alinear

isotherm. These assumptions gppear to be reasonable for awide range of environmenta conditions.
However, these smplifying assumptions are compromised in systems with strontium concentration
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greater than about 10* M, humic substance concentration greater than about 5 mg/l, ionic strength
levels greater than about 0.1 M, and pH levels greater than about 12.

Based on these assumptions and limitation, strontium K vaues and some important ancillary
parameters that influence cation exchange were collected from the literature and tabulated

(Appendix H).! Dataincluded in thistable, were from studies that reported K4 vaues (not percent
adsorbed or Freundlich or Langmuir constants) and were conducted in systems conssting of (1) natura
soils (as opposed to pure mineral phases), (2) low ionic strength (<0.1 M), (3) pH vaues between 4
and 10, (4) strontium concentrations less than 10* M, (5) low humic materid concentrations (<5 mg/l),
and (6) no organic chelates (e.g., asEDTA). Initidly, attempts were made to include in the K, data set
al the key agueous- and solid-phase parameters identified above. These parametersincluded CEC,
pH, calcium concentration, stable strontium concentration, and carbonate concentration.

The ancillary parameters for which data could be found that was included in these tables were clay
content, pH, CEC, surface area, solution calcium concentrations, and solution strontium concentrations.
This table described 63 strontium K vaues. A second table containing strontium K vaues for soils as
well as pure minerd phases was prepared at the same time and this table contained 166 entries. These
dataareincluded in Appendix H but were not used to provide guidance regarding the selection of K
vaues to be included in the look-up table.

5.8.6.2 Look-Up Table

The look-up table requires knowledge of the CEC (or clay content) and pH of the system in order to
select the gppropriate strontium K value (Table 5.13). A detailed explanation of the approach used in
selecting these K vauesis presented in Appendix H. Briefly, it involves tabulating the Ky and ancillary
data found in the literature and then conducting regression analysis of the datawith strontium K asthe
dependent variable. Sdlection of independent variables used in the find |ook-up tables was based in
part on their correation coefficients. Perhgps more importantly, the independent variables had to be a
parameter that isreadily available to modders. For instance, particle Sze and pH are often available to
modelers whereas such parameters as iron oxide or surface area are not as frequently available. The
edimated ranges for the minimum and maximum K values were based on regression estimates of the
95 percent error (P < 0.05). The centrd estimates were based primarily on values calculated using the
appropriate regression equations.

5.8.6.2.1 Limitsof K, Vaueswith Respect to pH, CEC and Clay Content Vaues

1 Since the completion of our review and andysis of K, data for the selected contaminants and
radionuclides, the studies by Chen et al. (1998), Fisher et al. (1999), Oscarson and Hume (1998), and
Wang et al. (1998) were identified and may be of interest to the reader.
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A full fectorid table was created that included 3 pH categories and 3 CEC categories, resulting in
9 cdls(Table 5.13). Each cdl contains an estimated minimum and maximum K, value. Asthe pH or
the CEC of a system increases, so does the strontium K vaues.

A second table was created based on Table 5.13, in which clay content replaced CEC asan
independent variable (subset of Table 5.13). This second table was created because it islikely that
clay content datawill be more readily available for modders than CEC data. To accomplish this, clay
contents associated with the CEC vaues used to delineate the different categories were caculated using
regression equations (see Appendix H). for additiond details).

5.8.6.2.2 Limitsof K, Vaues with Respect to Dissolved Cacium Concentrations

Of the 63 experiments reporting strontium K, values, 32 aso reported dissolved calcium concentrations
(Appendix H). The mean cacium concentration in this data set was 56 mg/l, with a minimum of O mgy/l
and amaximum of 400 mg/l. Cacium concentration had a corrdation with srontium K values, r = -
0.17. Although this corrdation isinsgnificant, it does show that the relationship between these

2 paametersis negative. Thisinverse relationship can be attributed to cacium competing with
gtrontium for adsorption sites on the solid phase.
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Table 5.13. Look-up table for estimated range of K vaues for strontium based on CEC
(meg/100 g), clay content (wt.%), and pH. [Tabulated values pertain to systems
conssting of natural soils (as opposed to pure minera phases), low ionic strength
(< 0.1 M), low humic materid concentrations (<5 mg/l), no organic chelates (e.g.,
EDTA), and oxidizing conditions]

CEC (meg/100 g) / Clay Content (wt.%)
3/<4 3-10/4-20 10-50/20- 60

pH pH pH

Ky(mlig) | <5 | 5-8| 8-10| <5 | 5-8|8-10| <5 | 5-8| 8-10

Minimum 1 2 3 10 15 20 100 | 200 300

Maximum 40 60 120 150 | 200 | 300 | 1,500 | 1,600 | 1,700

5.8.6.2.3 Limitsof K, Vaues with Respect to Dissolved Stable Strontium and Carbonate
Concentrations

Of the 63 experiments reporting strontium K, values, none reported stable strontium or carbonate
concentrations (Appendix H). It was anticipated that the presence of stable strontium would compete
with the *°Sr for exchange sites, thereby decreasing *°Sr K, values. The presence of dissolved
carbonate would likely decrease *°Sr K 4 values due to formation of the weaker strontium-carbonate
agueous complex.

5.9 Thorium Geochemistry and K, Values

5.9.1 Overview: Important Aqueous- and Solid-Phase Parameters
Controlling Retardation

Thorium occurs only in the +4 oxidation gate in nature. In agueous solutions, especidly in natura
waters, the concentrations of dissolved thorium are very low. Dissolved thorium forms avariety of
hydroxyl species, and undergoes extensive chemicd interaction with water and most anions. Thorium
can form various agqueous complexes with inorganic anions such as dissolved carbonate, fluoride,
phosphate, chloride, and nitrate. The formation of these complexes will increase the concentrations of
total dissolved thorium in soil- and groundwaters. Recent studies of carbonate complexation of
dissolved thorium indicate that the speciation of dissolved thorium may be dominated by mixed thorium

5.58



carbonate and hydroxyl-carbonate complexes, such as Th(OH);CO;, a pH vaues greater than 7.5.
Species distributions cal culated using the stability congtants for thorium citrate, oxaate, and
ethylenediamine complexes indicate that thorium organic complexes likely predominate over inorganic
complexesin organic-rich waters and soils. Thiswould have an important effect on the solubility and
adsorption of thorium in such waters.

Thorium-containing mineras, such as thorite, thorianite, monazite, and zircon, do not dissolve reedily in
low-temperature surface- and groundwaters. Because these minerals form at temperature and pressure
conditions associated with igneous and metamorphic rocks, it is unlikely that the concentration of
thorium in soil/water environments is controlled by the solubility of any of these minerds. Therate a
which thorium is released to the environment may however be controlled by the rates of dissolution of
1 or more of these phases. The maximum paossible concentration of thorium dissolved in low-
temperature agueous systems can however be predicted with the solubility of hydrous thorium oxide,
because the solubility of this compound will result in higher concentrations of dissolved thorium than will
likely occur from the kinetically-hindered dissolution of resstant primary thorium minerals. Moreover,
hydrous thorium oxide solid is known to precipitate in |aboratory experiments (i.e., short time periods)
conducted at low temperature, oversaturated conditions.

The concentrations of dissolved thorium in surface and groundwaters may aso be controlled to low
values by adsorption processes. Humic substances are considered particularly important in the
adsorption of thorium. The available partition coefficient, K, dataindicates significant retention of
thorium by most soil types.

5.9.2 General Geochemistry

Twelve isotopes of thorium are known. Their atomic masses range from 223 to 234, and dl are
ungtable (or radioactive) (Weast and Agtle, 1980). Of these, 6 thorium isotopes exist in nature. These
include:

o 28U decay series 2/Th[t,, (hdf life) = 24.1 d) and 2°Th (t,, = 8.0 x 10*y)
o 2%2Th decay series: 22Th (t,, = 1.41 x 10'°y) and ?®Th (t,, = 1.913 y)
o 25U decay series: #'Th (t,, = 25.5 h) and %'Th (t,, = 18.5 d).

Natura thorium consists of essentialy 1 isotope, 22Th, with trace quantities of the other isotopes.
Thorium is fertile nucdlear materid in that the principal isotope 22Th can be converted by capture of a
thermal neutron and 2 beta decays to fissionable 23U which does not exist in nature. The application of
thorium as areactor fud in the ThO, ceramic form is described in detail by Belle and Berman (1984).

Thorium occurs only in the +4 oxidation state in nature. The Th** ion isthe largest tetravaent cation

known with aradius of approximately 1.0 A. Although the Th** ion is more resistant to hydrolysis than
other tetravdent ions, it forms avariety of hydroxyl species at pH vaues above 3 (Baes and Mesmer,
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1976; Cotton and Wilkinson, 1980). The thorium content in natural water isvery low. The
concentration range in natura fresh water rarely exceeds 1 micro g/l (0.1 pCi/l 22Th), dthough mg/l
concentrations of 232Th have been detected in high-acid groundwaters beneath uranium tailings sites
(Langmuir and Herman, 1980).

Although the norma ranges of thorium concentrations in igneous, metamorphic, and sedimentary rocks
are less than 50 ppm, thorium concentrations can be as high as 30 and 300 ppm, respectively, in
oceanic sand/clays and marine manganese nodules (Gascoyne, 1982). These anomaoudy high
concentrations of thorium have been explained by the tendency of thorium to strongly adsorb on clay
and oxyhydroxide phases (Langmuir and Herman, 1980).

The minerdogy of thorium-containing minerdsis described by Frondd (1958). Most thorium-
containing minerds are conddered farly insoluble and resstant to erosion. There are few minerdsin
which thorium is an essentid structura condtituent.  Important thorium mineras include thorite
[(Th,U,CeFeetc.)SO,] and thorianite (crygdline ThO,). Thorite isfound in pegmatites, gneisses,
granites, and hydrotherma deposits. Thorianiteis chiefly found in pegmatitic rocks, but is best known
asadetrital minerd.> Thorium aso occurs, however, as variable, trace concentrationsin solid solution
in many rare-earth, zirconium, and uranium minerals. The 2 most important minerds of this type include
monazite [(Ce,La Th)PO,] and zircon (ZrSO,). Monazite and zircon are widdy disseminated as
accessory mineras in igneous and metamorphic rocks. They dso occur in commercid quantitiesin
detrital sands derived from regions of these rocks due to their resstance to erosion (Deer et al., 1967;
Frondel, 1958). Concentrations of thorium can be severd weight percent in these deposits.

Because of their long hdlf lives, 26Th (t,, = 1.913y), #°Th (t,, = 8.0 x 10* y), and *?Th (t,, =

1.41 x 10 y), which are dl apha-particle emitters, pose long-term hedlth risks and are therefore
environmentaly important. Contamination includes thorium-containing soils and thorium dissolved in
surface- and groundwaters. Of the contaminated sites consdered in EPA/DOE/NRC (1993),
radiioactive contamination of soil, surface water, and/or groundwater by 228Th, 2°Th, and/or 2*Th has
been identified at 21 of the 45 Superfund Nationd Priorities List (NPL) sites and 23 of the 38 NRC
Site Decommissioning Management Plan (SDMP) sites. Some of the contamination resulted from the
separation and processing of uranium and from the use of monazite and zircon sands as source
materids for metalurgical processes.

5.9.3 Aqueous Speciation

Thorium occurs only in the +4 oxidation state in naturd soil/water environments. Dissolved thorium
forms avariety of hydrolytic species, and, asasmdl, highly charged ion, undergoes extensve chemica

1 A detrita minerd is defined as “any minerd grain resulting from mechanica disintegration of parent
rock” (Bates and Jackson, 1980).
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interaction with water and most anions. The available thermodynamic data for thorium-containing
aqueous species and solids have been compiled and critically reviewed by Langmuir and Herman
(1980) for an andysis of the mobility of thorium in low-temperature, naturd waters.

Thorium undergoes hydrolyss in agueous solutions at pH vaues above 3. The didribution of thorium
hydrolytic species, shown in Figure 5.4, was cadculated as afunction of pH using the MINTEQA?2
code and the thermodynamic data tabulated in Langmuir and Herman (1980). The agueous species
included in the speciation calculations are listed in Table 5.14. The species digtribution in Figure 5.4
was determined for a concentration of 1 micro ¢/l total dissolved thorium for awater free of any
complexing ligands other than hydroxide ions. The chosen thorium concentration is based on Hem
(2985, p. 150) who gives 0.01 to 1 micro g/l asthe range expected for thorium concentrationsin fresh
waters. The caculated species distribution shows that the uncomplexed ion Th** isthe dominant ion a
pH vaueslessthan ~3.5. At pH vaues greater than 3.5, the hydrolysis of thorium is dominated, in
order of increasing pH, by the agueous species Th(OH)3*, Th(OH)3, and Th(OH),(aq). The latter

2 hydrolytic complexes have the widest range of stability with pH.

The large effective charge of the Th** ion can induce hydrolysis to the point that polynuclear complexes
may form (Baes and Mesmer, 1976). Present knowledge of the formation of polynuclear hydrolyzed
gpeciesis poor because there is no unambiguous analytica technique to determine these species.
However, polynuclear species are believed to play arole in mohility of thorium in soil/weater systems.
Langmuir and Herman (1980) list estimated thermodynamic values for the thorium polynuclear
hydrolyzed species Th,(OH)S*, Th,(OH)8*, and Thy(OH)3% based on the review of Bases and Mesmer
(1976).
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Table5.14. Thorium agueous speciesincluded in the
Speciation cdculations.

Aqgueous Species

Tht*, THOH*, Th(OH)3", Th(OH)%, Th(OH);(a),
Thy(OH)3", Thy(OH)5", The(OH)35

Th(OH),CO; and Th(COy)&
ThFS*, ThFZ", ThF3, ThF;(aq)
ThCP*, ThCB*, ThCl;, ThCl;(ag)
ThSO3", Th(SO,);(20), Th(SO,)3, Th(SO,):

ThH,PO4*, ThH,POZ*, Th(H,PO,)3",
Th(HPO,)3(aq), Th(HPO,)5

In addition to hydrolytic complexes, thorium can dso form various agueous complexes with inorganic
anions such as dissolved fluoride, phosphate, chloride, and nitrate. Studies (e.g., LaFamme and
Murray, 1987) completed since the review by Langmuir and Herman (1980) indicate the presence of
dissolved thorium carbonate complexes and their importance to the solution chemigry of thorium. Due
to the lack of available data, no thorium carbonate species were listed by Langmuir and Herman
(1980). Ostholset al. (1994) have recently published thermodynamic constants for the thorium
carbonate complexes Th(OH),CO; and Th(CO5)¢ that are based on their solubility studies of
microcryddline ThO, at different partia pressures of CO, in aqueous media
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Figure5.4.  Cdculated digribution of thorium hydrolytic species as afunction of pH. [The
species digtribution is based on a concentration of 1 micro g/l total dissolved
thorium in pure water (i.e., absence of complexing ligands other than OH) and
thermodynamic data from Langmuir and Herman (1980).]

The digtribution of thorium agueous species (Figure 5.5) was dso cdculated as afunction of pH using
the MINTEQAZ2 for a concentration of 1 micro ¢/l total dissolved thorium and the water compositionin
Table5.1. The thermodynamic data were principaly from Langmuir and Herman (1980). The
thermodynamic constants for the agueous species Th(OH),CO; and Th(CO,)¢ from Osthols et al.
(1994) were dso included in these speciation cdculaions. Beow pH 5, dissolved thorium is
dominated by thorium fluoride complexes. Between pH 5 and 7, dissolved thorium is predicted to be
dominated by thorium phosphate complexes. Although phosphate complexation is expected to have a
role in the mobility of thorium in this range of pH vaues, the adequacy of the thermodynamic congtants
tabulated for thorium phosphate complexes in Langmuir and Herman (1980) are suspect, and may over
predict the sability of these complexes. At pH vaues greater than 7.5, more than 95 percent of the
dissolved thorium is predicted to be present as Th(OH);CO;. The species distribution illustrated in
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Figure 5.5 changes dightly in the pH range from 5to 7 if the concentration of total dissolved thorium is
increased from 1 to 1,000 micro g/l. At the higher concentration of dissolved thorium, the ability of
Th(OH),;CO; extendsto apH of approximately 5, the hydrolytic species Th(OH); becomes an
important species (about 30 percent of the dissolved thorium), and the thorium phosphate species are
no longer dominant.

Thorium organic complexes likely have an important effect on the mohility of thorium in soilwater
systems. Langmuir and Herman (1980) used citrate (CsH:0%), oxdate (C,03), and ethylenediamine
tetra-acetic acid (EDTA) (C,H;,05N7) to show the possible role of organic complexesin the mobility
of thorium in naturd waters. Based on the sability congtants available for thorium citrate, oxdate, and
ethylenediamine complexes, cdculations by Langmuir and Herman (1980) indicate that thorium organic
complexes likely predominate over inorganic complexes in organic-rich waters and soils. For the
concentrations considered by Langmuir and Herman (1980), the ThREDTA " (ag) complex dominates dl
other thorium aqueous species over the pH range from 2to 8. Thiswould in turn have an important
effect on the solubility and adsorption of thorium in such waters.

5.9.4 Dissolution/Precipitation/Coprecipitation

The main thorium-containing minerds, thorite [(Th,U,CeFeetc.)SO,], thorianite (crysdline ThO,),
monazite [(Ce,La Th)PO,) and zircon (ZrSO,), are resstant to chemica weathering and do not
dissolve reedily at low-temperature in surface and groundwaters. Because these minerals form at
temperature and pressure conditions associated with igneous and metamorphic rocks, it is unlikely that
the thermodynamic equilibrium solubilities (where the rate of precipitation equds the rate of
dissolution) of these mineralswill control the concentration of dissolved thorium in low-temperature
soilwater environments. The rate a which thorium is released to the environment, as might be needed
in a source-term component of a performance assessment model, may however be controlled by the
kinetic rates of agueous dissolution (i.e., non-equilibrium conditions) of 1 or more of these phases.
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Figure5.5. Cdculated distribution of thorium agueous species as a function of pH for the
water compodgition in Table 5.1. [The species distribution is based on a
concentration of 1 micro g/l tota dissolved thorium and thermodynamic data
from Langmuir and Herman (1980) and Osthols et al. (1994, for Th(OH),CO3
and Th(CO,)%). The thermodynamic database used for these speciation
cdculations did not include the congtants for thorium humic acid complexes]

The maximum concentration of dissolved thorium that may occur in alow-temperature aqueous system
can be predicted with the solubility of hydrous thorium oxide. This solid is known to precipitate in
laboratory experiments conducted at low temperature, oversaturated conditions over severa weeks. |If
this solid precipitates in anaturd environment, it will likely dter with time to amore crysdline solid that
has alower solubility. The solubility of hydrous thorium oxide has been sudied experimentaly by Ra
and coworkers (Felmy et al., 1991; Rai et al., 1995; Ryan and Rai, 1987). In0.1 M NaClO,
solutions, the measured solubility of hydrous thorium oxide ranges from about 10%° mol/l (0.0007 mg/l)
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to less than 10° mol/l (0.0002 mg/l) in the pH range from 5 to 10 (Ryan and Rai, 1987). The
concentration of dissolved thorium increases to approximately 1026 mol/l (600 mg/l) as pH decreases
from5.0to0 3.2.

Femy et al. (1991) determined that the solubility of hydrous thorium oxide increases with increasing
ionic drength. At pH vaues above 7 in 3.0 M NaCl solutions, the solubility of hydrous thorium oxide
increased by approximately 2 to 3 orders of magnitude compared to that determined in 0.1 M NaClO,
solutions. Moreover, the pH at which hydrous thorium oxide exhibits rapid increases in solubility with
decreasing pH changes from pH 5in 0.1 M NaClO , to gpproximately pH 7in 3.0 M NaCl. In studies
conducted at high hydroxide and carbonate concentrations, Rai et al. (1995) determined that the
solubility of hydrous thorium oxide increases dramatically in high carbonate solutions and decreases
with increases in hydroxide concentration at fixed carbonate concentrations. This supportsthe
assartion that soluble thorium-carbonate complexes likely dominate the agueous speciation of thorium
dissolved in naturd waters having basic pH vaues.

5.9.5 Adsorption/Desorption

Thorium concentrations in surface- and groundwaters may aso be controlled to very low levels

(< few micro g/l) by adsorption processes. Humic substances are consdered particularly important in
the adsorption of thorium (Gascoyne, 1982). Thibault et al. (1990) conducted a critical compilation
and review of published K data by soil type needed to mode radionuclide migration from a nuclear
wadte geologica disposa vault to the biogphere. Thibault et al. list K vaues for thorium thet range
from 207 to 13,000,000 ml/g. The range of thorium K vaues listed for organic soil was 1,579 to
1.3 x 10" ml/g. Based on our experience, the very high K4 values reported for thorium should be
viewed with caution. The studies resulting in these values should be examined to determine if the initid
concentrations of thorium used for these Ky measurements were too great and precipitation of a
thorium solid (e.g., hydrous thorium oxide) occurred during the equilibration of the thorium-spiked
soil/water mixtures. As noted in the letter report for Subtask 1B, precipitation of solids containing the
contaminant of interest resultsin K values that are erroneoudy too high.

The adsorption of thorium on pure meta-oxide phases has dso been studied experimentadly in
conjunction with surface complexation models! Osthols (1995) studied the adsorption of thorium on
amorphous colloidd partides of dlica(SO,). Ther resultsindicate that the adsorption of thorium on
dlicawill only be important in the pH range from 3to 6. In neutral and akaline pH vaues, slicasurface
gtes are not expected to be efficient adsorbents for thorium.

Iron and manganese oxides are expected to be more important adsorbents of thorium than silica
Hunter et al. (1988) studied the adsorption of thorium on goethite (a-FeOOH) and nsutite (y-MnO,)

1 Surface complexation models are discussed in Volume | of this report.
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in marine eectrolyte solutions. Their experiments indicate that adsorption of thorium increases from
approximately 0 percent at pH 2.5-3.5 to 90-100 percent at pH 5-6.5. The adsorption of thorium
decreased with the addition of sulfate as aresult of the formation of competitive agueous complexes
with dissolved thorium. The addition of organic ligands EDTA and trans-1,2-diaminocyclohexane
tetra-acetic acid (CDTA) shifted the adsorption edges for y-MnO, to higher pH vaues by more than
5-6 pH units, such that 100 percent adsorption of thorium was not observed until pH 12. LaHamme
and Murray (1987) experimentaly studied the effects of pH, ionic Strength and carbonate dkdinity on
the adsorption of thorium by goethite. The adsorption edge (i.e., range in pH where meta adsorption
goes from O percent to gpproximately 90-100 percent) was measured to be in the pH range from 2

to 5. For conditions considered in their study, ionic strength was found to have no effect on the
adsorption of thorium on goethite. LaHamme and Murray did however observe a strong influence of
carbonate dkalinity on thorium adsorption. In their experiments a pH 9.0+0.6, they observed a
decrease of thorium adsorption with the addition of 100 megy/l carbonate akdinity, and no measurable
adsorption of thorium at carbonate alkdinity greater than 300 meg/l. At the low particle concentrations
used in their experiments, LaHamme and Murray attributed this reduction to the competition for surface
sitesby CO3 and HCO; and the formation of soluble thorium-carbonate complexes with anet negative
charge.

5.9.6 Partition Coefficient, K, Values
5.9.6.1 General Availability of K, Data

Two generdized, smplifying assumptions were established for the selection of thorium K vaues for the
look-up table. These assumptions were based on the findings of the literature review conducted on the
geochemicd processes affecting thorium sorption. The assumptions are as follows:

«  Thorium precipitates at concentrations greater than 10° M. This concentration is based on the
solubility of Th(OH), a pH 5.5. Although (co)precipitation is usudly quantified with the
solubility congtruct, avery large K value will be used in the look-up table to approximate
thorium behavior in systems with high thorium concentrations.

«  Thorium adsorption occurs at concentrations less than 10° M. The extent of thorium
adsorption can be estimated by soil pH.

These assumptions appear to be reasonable for awide range of environmenta conditions. However,
these smplifying assumptions are dearly compromised in systems containing high adkdine (LaHamme
and Murray, 1987), carbonate (LaFlamme and Murray, 1987), or sulfate (Hunter et al., 1988)
concentrations, and high or low pH vaues (pH: 3 < x > 8: Hunter et al., 1988; LaFlamme and Murray
1987; Landa et al., 1995). These assumptionswill be discussed in more detall in the following
sections.
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Based on the assumptions and limitations described above, thorium K vaues and some important
ancillary parameters that influence sorption were collected from the literature and tabul ated
(Appendix I). Dataincluded in this table, were from studies that reported K vaues (not percent
adsorbed or Freundlich or Langmuir congtants) and were conducted in systems congisting of:

« Low ionic strength (< 0.1 M)

« pH vaues between 4 and 10.5

«  Dissolved thorium concentrations less than 10° M
« Low humic materid concentrations (<5 mg/l)

« Noorganic chelates (e.g., EDTA)

These agueous chemigtry congraints were selected to limit the thorium K vaues evaluated to those
that would be expected to exist in afar-fidd. The ancillary parametersincluded in these tables were
clay content, cacite concentration, pH, and CEC. Attempts were aso made to include in the data set
the concentration of organic carbon and duminunviron oxides in the solid phase. However, these |atter
ancillary parameters, which were identified above, were rarely included in the reports evauated to
compilethe data set. The data set included 17 thorium K values for soils and pure phase minerds.

5.9.6.2 Look-Up Tables

Linear regresson andyses were conducted with data collected from the literature (described in
Appendix 1). These anadyses were used as guidance for sdlecting appropriate K4 vaues for the look-
up table. The Ky vaues used in the look-up tables could not be based entirely on Satistical
consderation because the Satistical andysis results were occasiondly nonsensible. For example, the
data showed a negative correlation between clay content and thorium K, values. Thistrend contradicts
well established principles of surface chemidtry. Ingtead, the Satistical analysis was used to provide
guidance as to the gpproximate range of vaues to use and to identify meaningful trends between the
thorium K values and the solid phase parameters. Thus, the K, vauesincluded in the look-up table
were in part sdected based on professond judgment. Again, only low-ionic strength solutions, Smilar
to that expected in far-field groundwaters, were considered in these anayses.

The look-up table for thorium K values was based on plume thorium concentrations and pH. These

2 parameters have an interrelated effect on thorium K values. The maximum concentration of
dissolved thorium may be controlled by the solubility of hydrous thorium oxides (Felmy et al., 1991;

Ra et al., 1995; Ryan and Ral, 1987). The dissolution of hydrous thorium oxides may in turn vary with
pH. Ryan and Ra (1987) reported that the solubility of hydrous thorium oxideis ~10%°to ~10° inthe
pH range of 5to 10. The concentration of dissolved thorium increases to ~10%¢ M (600 mg/L) as pH
decreases from 5.0 to 3.2. Thus, 2 categories based on thorium solubility were included in the look-up
table, pH 3to 5, and pH 5to0 10. Although precipitation istypicaly quantified by the solubility
congtruct, avery large K vaue was used in the look-up table to describe high thorium concentrations
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(Table 5.15). See Appendix | for adetailed account of the process used to select the K vauesin
Table 5.15.

59.6.2.1 Limitsof K4 Vaueswith Respect to Organic Matter and AluminunvIron-Oxide
Concentrations

Of the 17 entries in the thorium K data set (Appendix 1), none of them had accompanying organic
meatter or duminum- and iron-oxide minera concentration data. 1t was anticipated that the presence of
organic matter would decrease thorium K values by forming thorium-organic matter complexes. These
complexes would be less prone to adsorb to surface than the uncomplexed thorium species.
Conversdly, it was anticipated that the presence of aluminum- and/or iron-oxides would increase
thorium K4 values by increasing the number of adsorption (surface complexation) sites.

59.6.2.2 Limitsof K4 Vaueswith Respect to Dissolved Carbonate Concentrations

Of the 17 entries in the thorium K4 data set (Appendix 1), none of them had accompanying carbonate
concentration data. However, 5 entries had calcite (CaCO;) minera concentrations. It was
anticipated that cacite concentrations could be used as an indirect measure, dbeit poor measure, of the
amount of dissolved carbonate in the aqueous phase. Calcite concentrations had a correlation
coefficient (r) with thorium K vaue of 0.76 (Appendix 1). Although thisis ardaively high corrdation
vaue, it isnot Sgnificant at the 5 percent leve of probability due to the smal number of observetions

(5 observations). Furthermore, it was anticipated that the presence of dissolved carbonate would
decrease thorium K values due to formation of the weaker forming carbonate-thorium complexes.

Table 5.15. Look-up table for thorium K vaues (ml/g) based on pH and dissolved thorium
concentrations. [ Tabulated values pertain to systems consigting of low ionic strength (< 0.1
M), low humic materid concentrations (<5 mg/l), no organic chelaes (e.g., EDTA), and

oxidizing conditions]
pH
3-5 5-8 8-10
Dissolved Th, M Dissolved Th, M Dissolved Th, M
Kg (ml/g)
<1026 >1026 <10° >10° <10° >10°
Minimum 62 300,000 1,700 300,000 20 300,000
Maximum 6,200 300,000 170,000 300,000 2,000 300,000
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